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FOREWORD 


This final report» submitted per the requirements of Contract NAS 
3-22665, documents the results of an analytical study undertaken to relate 
the attainable specific Impulse (Isp) for LOX/RP-1, LOX/hydrogen, and LOX/ 
methane propellants to the various cooling concepts applicable to low- thrust, 
long-life liquid rocket engines. The sensitivity of Isp to mixture ratio 
(MR), thrust (F), chamber pressure (Pc), and cooling method for each 
propellant combi nat1o?j Is presented in this report. 

The NASA-Lewis project manager for this program was Mr. A1 Pavl1._The 
ALRC program manager was Mr. J. W. Salmon, and the project engineer was 
Mr. L.- Schoenman. Other key ALRC personnel assigned to the prograni were 
Gregg Meagher, Performance Analysis, and W. R. Thompson, Heat Transfer. Con- 
sultants were Dr. R. L. Ewen, J, I. Ito, J. Mellish, J. L. Pieper. and 
R. E. Walker. 
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STS 
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Space Transportation System 
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I . INTRODUCTION 

A. APPLICATIONS AND REQUIREMENTS FOR LOW-THRUST ENGINES 

The development of an economical space transportation system 
(STS) requires the generation of an orbit transfer vehicle (OTV) capable of 
moving space shuttle payloads to more distant orbits and beyond. A number of 
studies have forecast an appreciable number of these payloads to be large 
space structures which would be launched to low earth-orbit (LEO) in a stowed 
condition aboard the space shuttle. These structures would be assembled near 
the shuttle and subsequently transferred to geosynchronous equatorial orbit 
(GEO), by way of a Wgh-energy space propulsion system. One or more low- 
thrust engines would be required for this mission in order to avoid high 
inertial loading which could cause damage to the assembled payload. To dat e, 
the technology base for this class of cryogenic chemical rocket engines, 
capable of providing very high performance while operating for periods up to 
50 hours, is virtually nonexistent. Since present plans project that a 
single engine will be employed for this mission, it is essential thit it 
possess both high reliability and high performance. 

To determine optimum vehicle configurations required to transport 
large space structures from low earth-orbit to geosynchronous earth-orbit, 
the interaction of the following three basic Inputs is required:’ 

1. A description of the attainable specific impulse (Isp) as a 
function of engine parameters such as propellants, thrust 
level, chamber pressure, mixture ratio, cooling method, and 
nozzle expansion area ratio. 

2. The vehicle mass fraction as a function of the same config- 
uration variables. 

3. The mission requirements in terms of thrust level, burn dur- 
ation, number of burns, and AV for the range of pqyloads 
considered. 

B. OBJECTIVES OF THE PRESENT STUDY 

^ The objective of this program was to furnish the data for the 

first input noted above: namely, to describe the attainable Isp as a func- 
tion of the primary engine design variables. This was to be done by 

accounting for cooling losses, kinetic losses, boundary layer losses, and 
combustion inefficiencies over the range of interest of the six primary inde- 
pendent variables listed in Table I. However, the optimization of these six 
variables to obtain maximum Isp was not the purpose of this work as the ulti- 
mate optimum vehicle design may occur at other than maximum specific impulse 
due to mass fraction, mission requirement conditions such as stage length 


PRIMARY INDEPENDENT VARIABLES 




I, B, Objectives of the Present Study (cont.) 


and volume, etc. Propellant temperature as a variable was also Investigated 
in order to evaluate if Improved performance could be attained by adding 
enthalpy to the propellants from "free" sources (e.g., waste heat or solar 




The analysis addresse** the thrust chamber and nozzle only. The 
designs evaluated were configurations suitable for long-duration, raultiple- 
burn missions. 


C. PROGRAM ORGANIZATION 

The technical effort consisted of the following four tasks: 

Task I - Preliminary Survey and Qualification of 'limplified 
Procedure 


I activities consisted of developing the simpjified ana- 
lytical techniques used in the program to conduct the broad range of reouired 
parametric analyses. These analytical models Included both thermal design 
and performance analyses and were calibrated against more detailed analytical 
procedures and experimental data where available. The LOX/RP-1 prooellant 
COTbi nation was specified for the Task I activities and encompassed the range 
of primary independent variables listed in Table I. ® 

Task II - Survey of Expansion Area Ratio and M ixture Ratio 
Effects 


Table 

cepts 


T considered the sensitivity of Isp to the indicated 
I variables, and the influence of the candidate chamber cooling con 
on area ratio and MR selections. 


Task III - Detailed Survey of the Sensitivity of Isp 


Table 
and a 
cepts 


This task required a full exploration of the domain described in 
I by using the simplified calculational procedures developed in Task I 
singular area ratio selected in Task II. A minimum of two cooling con- 
for each operating point was included. 


Task IV 


Sjjrvey of Alternate Propellants and Propellant Enthalp y 


.nv/u ^ extended the results of the LOX/RP-l propellants to 

LOX/hydrogen and LOX/methane, as Indicated in Table I. In addition, an 

nf potential for attaining improved perfonnance by 

solar^heat^^ propellant from free sources such as waste heat and 
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I, Introduction (cont.) 


0. RESULTS OF PREVIOUS STUDIES 


3-21940 and NA Studies conducted on previous contracts (NAS 

examined the applicability of the fuel regenerative 
3Q0Q^hF?"^h^.“®l to rocket engines in the 445 to 13.444N aoo to 

chamber pressures from 138 to 6894 kPa ^ 
engines utilized LO2 oxidizer; the fuels Included 
and RP-1. Those studies were restricted 
^AioMt temperatures, coolant prSsures 

limits and were also constrained in terms of fabrica-’ 

following table? limits. These criteria are described In the 


“ 90% Bell Nozzles 

* Fuel to be Used for Cooling 

“ Coolant Inlet Temperature: 


LH2 

= 21*K (37.8^R) 

RP-1 

^ 298“K (537®R) 

LCH4 

= 112®K (201®R) 

Regenerative- 

Coolant Discharge or Film Coolant Inlet: 

Liquid 

Gas 

1.176 Times Chamber Pressure (Minimum) 
= 1.087 Times Chamber Pressure (M1n1u.i») 

Maximum Coolant Velocity (Regenerative): 

Liquid 

Gas 

» 61 m/sec (200 ft/sec) 

“ Mach 0.3 

Possible Benefit of Carbon Deposition on Hot Gas-Side Wall 
was Neglected 

Coking Limit: 


RP-1 

“ Sei^’K (1010“R) 

LCH4 

= 978“K (1760*R) 
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I» D, Results of Previous Studies (cont.) 


* Dimensional Limits: 

Tubular Cons true ttcm— 


Minimum Wall Thickness 

« 0.025 

cm 

(O.OlO in.) 

Nontubular Construction 




Minimum Slot Width 

= 0.076 

cm 

(0.03 in.) 

Maximum Slot Depth/Width 

= 4 to 1 

L 


Minimum Web Thickness 

= 0.076 

cm 

(0.03 tn.) 

Minimum Wall Thickness 

= 0.064 

cm 

(0.025 in.) 


The results obtained from the previous studies disclosed that the 
regenerative cooling and film-cooling concepts were only applicable over a 
limited range of operating conditions, as summarized below: 

® Regenerative cooling with RP-1 was not feasible at any com- 
bination of thrust and chamber pressure because the walls 
exceeded the coking temperature limit and the bulk tempera- 
ture rise was excessive. 

* Regenerative cooling with methane was feasible only at high 
thrust and supercritical pressures. 

“ Regenerative cooling with hydrogen was feasible except at 
low thrust/high chamber pressure and high thrust/low chamber 
pressure conditions and when the coolant is near the criti- 
cal pressure and temperature. 

® Film cooling was feasible only at higher thrusts and lower 
chamber pressures. Hydrogen-cooled and methane-cooled units 
were found to have a broader operating range than RP-1- 
cooled designs. 

The limitations of the regenaratively cooled and film-cooled con- 
cepts were due to the operating criteria imposed which required that 

” Only fuel be used as a coolant. 

** Channel sizes meet certain minimum dimensional criteria and 
be limited to the current state-of-the-art fabrication con- 
figurations. 
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1 1 D, Results of Previous Studies (cont.) 


Neither high temperature coatings nor soot effects be 
considered. 

" Combined cooling concepts not be considered, 

A cooling concept be rejected if "he associated performance 
decrement exceeded 10%. 

In addition, combustion chamber lengths and contraction ratios 
were extrapolated from a data base for much higher- thrust engines. These 
extrapolations produced long chamber lengths and low contraction ratios and 
did not consider the particular cooling needs of low-thrust applications. 

The long chamber lengths and low contraction ratios resulted in excessive 
heat input to the regenerative coolant. 

The minimum cooling channel width restrictions prevented optimi- 
zation of the coolant channel surface for maximum regenerative cooling effec- 
tiveness. This produced high coolant pressure losses and, in some cases, 
excessive performance loss when less efficient processes, such as film 
cooling, became necessary because regenerative cooling was identified as non- 
feasible. 


E. FINAL REPORT 

This final report consists of five main sections and three appen- 
dices. Followino the Introduction, Section I, and Summary. Section II. 
detailed thermal and Isp sensitivity results are presented for each of the 
three propellant combinations considered in this program: for LOX/RP-1 in 
Section III, LOX/hydrogen in Section IV, and LOX/methane in Section V. 

Appendices A and B define the results of the Task I and II simp- 
lified model development, the model calibration, the MR and chamber geometry 
sensitivities, the element injector type and element quantity, and the cham- 
ber nozzle area ratio to be used for the Task III and IV analyses. 

Appendix C provides the performance parametric data tabulations 
employed in the graphical displays of the other sections. 
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II. SUMMARY 


A. ANALYTICAL APPROACH 


fannies of ISw^th^oT^rblTliMlsfereSSlSS. ‘"'talks’ I 

Je?foS°cTcXSte?MdIir2h1?l'we?r™pfS^f 

particular operating condition. These losses relate to 
operating condition and are directly associated with the soeciftc 

ceSr"?ufd"a?ter^bIJh selection of a different cooling^ con- 

point performance and design margin at any operating 


broad range Ifpttr 
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II, B, Cooling Concept Selections and Engine Cycle Considerations (cont.) 


concepts having the highest performance potential, such as radiation cooling 
and/or regenerative cooling with one propellant, were considered first. 

These were followed by a) regenerative cooling with the other propellant, 
b) regenerative cooling with both propellants (dual -regen), c) the addition 
of thermal barriers In the cylindrical chamber to reduce chamber regenerative 
heat loads, or d) the reduction of chamber lengths, at the expense of per- 
formance, to attain the same cooling objective. Lower-performing configura- 
tions which require mass addition cooling were identified as applicable only 
after the limits of the higher- per forming concepts had been reached. 

2. Applicable Engine Cycles 

Applicable engine cycles included both pressure-fed and 
pump-fed systems. The pump-fed engines can utilize a gas generator, an 
expander cycle, or staged-combustlon cycles to provide power to drive the 
pumps. The pumps can also be driven by electric motors powered by batter- 
ies, solar cells, or fuel cells. Reference I indicates that the pressure-fed 
and electric motor-driven pump-fed systems are less desirable because of the 
excessive weight of the propellant pressurizing system. The expander cycle 
and a modified expander cycle utilizing a direct drive for one propellant and 
an alternator and electric motor for the second were the lowest-welght 
approaches. The latter cycle Is defined as the turboalternator expander 
cycle. As the expander cycle becomes power-balance-limited at higher pres- 
sures and thrust levels, staged-combustlon cycles become more attractive. 

The present thermal analyses were based on the assumption 
that the coolant jacket discharge pressures for LOX, LH 2 , or LCH 4 cooling 
are above the critical pressure (thus eliminating the concern for two-phase 
coolant flow) and that the coolant expands through a preburner or turbine 
prior to being delivered to the Injector. Two-phase flow (bulk boiling) does 
not constitute a cycle limitation for the RP-1 coolant since coking Is known 
to result at temperatures below Its boiling temperature at the pressures of 
interest. Both the expander cycles and staged combustion cycles are compat- 
ible with the cooling design assumption in almost all cases, except at the 
very highest chamber pressure where the expander cycle may fail to power- 
balance. The inlet and discharge pressures of the chamber coolant jacket 
were based upon a power-balanced expander cycle where practical. All propel- 
lants, with the exception of RP-1, were assumed to be suitable turbine-drive 
fluids. The following upper temperature limits were placed on the expander- 
cycle turbine drive gas, based on chamber material limitations: 

Oxygen 394*K (250“F) 

Methane 450 *K OBO^F) 

Hydrogen 450“K (350»F) 

The thrust chambers were not optimized to provide the above temperatures If 
the chamber coolant discharge temperatures were less than the above values. 
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II, B, Cooling Concept Selections and Engine Cycle Considerations (cont.) 


With these temperature limitations, power-balanced 
sible up to the folloy/ing chamber pressures: 


expander cycles 


were pos- 


I 

i 


LOX/RP-l, LOX cooling 

LCX/LH2, hydrogen cooling 

LOX/LCH4, LOX cooling 

Methane cooling 


3792 kPa (550 psia) at MR « 2; 

4826 kPa (700 psia) at MR 4 

4481 kPa (650 psia) at MR « 6 

4826 kPa (700 psia) at MR » 3.5 

3447 kPa (500 psia) at MR » 3.5 


C COOLING CONCEPT SELECTION. 

RECOMMENDATIONS 


ISP SENSITIVITY, CONCLUSIONS, AND 


,, section presents the conclusions generally applicable to all 

propellant combinations. This is followed by more specific conclusions 
applicable to the individual propellant combinations. The section concludes 

experimental activities which are required to 
verify or calibrate the analytical efforts of this program. The figures 
employed in this summary section are composites of all data and identify 
overall trends and differences between propellant systems. The same infor- 

graphical and tabular format in the subsequent 
sections and appendices of this report. >uu»equeni 


I. 


General Conclusions Applicable to All Propellant Systems 


Maximum specific impulse is attainable in systems emolovSnn 
cooling with oxidizer, fuel, or both propellants. The applied 
ability of regenerative cooling can be extended to low-thrust. high-orLsure 
pump- fed engines although it requires some departure from the practices which 
have evolved from the design of larger engines and/or ha^e blcSmfindJs^^ 
guidelines or standards. These departures include: ^ 

The use of larger- than- normal chamber contraction 
ratios. 

The use of copper chamber wall configurations having 
narrower and deeper slotted cooling channels. ^ 

The use of both propellants for cooling. 

a. Geometric Considerations 

4.4 ^ c Low-thrust, high-pressure engines designed with conven. 

tional chamber contraction ratios of 2 to 6 result in very small chambe? 
diameters; in many cases less than 1.27cm (0.5 in ) This small 


I 
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II, C, Cooling Concept Selection, Isp Sensitivity, Conclusions, and 
Recommendations (cont.) 


The need for an Injector design containing a minimum of 
two rows of elements and a central igniter port was Identified. This Injec- 
tor requires a minimum diameter of approximately 3.8 cm (1.5 1n.). When 
packaging requirement is applied to the low-thrust, high-pressure design 
points. It can result in chamber contcactlon ratios of up to fiAO. 

b. Coolant Selection 

The use of regenerative cooling for LOX/RP-1 and LOX/ 
methane engines Is limited by the total heat load and the maximum local heat 
flux. Large contraction ratios reduce both total heat load and local flux in 
the chamber region and relieve the cooling problems that occur with RP-1 and 
methane fuels. This cooling solution drives the chamber geometry to "non- 
standard" configurations which offer both improved performance and improved 
cooling margin. The problems of handling high total heat load and high local 
heat flux were not encountered with fuel regeneratively cooled LOX/LH? 
systems. 


The small quantity of propellant available for cooling 
at low thrust, combined with the need for high cooling velocities at high 
pressure, results in the need. for very small cooling channels. In order to 
maximize the coolant surface area, these slots should be narrow and deep 
rather than rectangular or shallow and wide as is common ir. larger engines. 
Significant gains In regenerative cooling capability can be attained when 
channels smaller than the 0.076-cm. (0.030-ln.) minimum-standard values are 
utilized for the design analyses. 

Supercritical oxygen was found to be the preferred 
coolant in two of the three propellant systems considered. The fuel was pre- 
ferred over the oxidizer only in the LOX/hydrogen system. 

Oxidizer cooling was found to be superior to RP-1 cool- 
ing because the oxidizer flow is three times that of the fuel at the optimum 
performance mixture ratio and because cooling with oxygen avoids the coking 
problem experienced with RP-1. Supercritical oxygen cooling was also pre- 
ferred for the LOX/methane system due to Its higher mass flowrate (the LOX 
flow being 3 to 4 times that of the methane}. 

Significant performance advantages were predicted in 
the methane and RP-1 systems when both propellants are used as coolants. 

Using both LOX and RP-1 or LOX and LCH 4 as coolants resulted in longer 
cool able chamber lengths as well as preheating of both propellants prior to 
injection. The combination of preheated propellants and greater chamber 
length yielded higher performance. There was no significant performance 
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II, C, Cooling Concept Selection, Isp Sensitivity, Conclusions, and 
Reconnnendations (cont.) 


benefit predicted for using both propellants as coolants in the LOX/LH? 
system as the hydrogen cooling capacity was adequate even at oxidizer/fuel 
(0/F) weight flow ...rati os up to 8. 

c. Attainable Isp _ 

Figure 2 provides a composite plot of attainable Isp 
for the three propellant systems considered. This plot includes the highest 
and lowest values of thrust. Pc, and mixture ratio. Each data point on the 
performance summary figure has a defined cooled chamber configuration, 
including channel size, chamber length, and coolant pressure loss, which is 
compatible with the stress, life, and material limits for the proposed appli- 
cation. The symbols in the figure represent the chamber pressure and cooling 
media. Solid symbols define fuel cooling whereas open syntools are for oxygen 
cooling and half solid/half open symbols are for dual -propellant regenerative 
cooling. The dual-cooling design points provided higher performance. This 
was especially significant for the low-thrust RP-1 propellant systems where a_ 
improvement in specific Impulse was predicted over an oxygen-only cooling 
approach. When operating at a mixture ratio of 3.0, the dual-regen configur- 
ation provided 14% higher efficiency than the best RP-l-cooled design which 
was cooling-limited to a maximum mixtu re . . ratio .. of 2. 

The superiority of the hydrogen/oxygen system as mea- 
sured by the standard Isp {force/unit mass/sec) criteria for a weight-limited 
system is obvious from Figure 2. However, when a propellant selection is 
based on the volume-limited Space Shuttle cargo bay, the ranking of propel- 
lant system desirability in terms of Isp times density is reversed, as shown 
in Figure 3. The transport of O 2 /H 2 as HoO and its subsequent conver- 
sion to propellant in space could result Tn this combination being optimum in 
both the Isp and volumetric effic1en;y categories. 

The data provided in this report have been designed to 
allow the members of the technical community charged with packaging payloads 
in the shuttle bay the choice of propellants and mixture ratios which best 
meet the weight and volume capabilities. 

d. Applicability of Cooling Approaches 

The following paragraphs and figures identify the 
applicability of various cooling approaches for each of the propellant com- 
binations over the thrust. Pc, and MR operating ranges of this survey. The 
level of technology advancements required for cooling can be measured by 
1) the symbols which indicate which of the propellants is best-suited for 
cooling and^r if both propellants are required, and 2) the minimum size of 
the cooling channel which must be fabricated in order to provide proper 
cooling. 









nr V 


A‘;^su0o X dsf 


Figure 3. Volumetric Impulse Comparison for LOX/RP-1, LCH., and LH^ Fuels 



II, C, Cooling Concept Selection, 
Recommendations (cont.) 


Isp Sensitivity, Conclusions, and 


2. LOX/RP-3 




4nn a+ n a With supercfi tical oiwgen allows cool- 

lOOO^Ifn « wl/uooS'lb p 

of the channels obsemJ Jith 


area ratios tn the noLu whe« the Je« ?"5j is 

£r^^r!- 


?Ref 11^ If fhS m? consistent with those of previous studies 

0 025 lil’io 010 ?n ! r"* coolant channel width Is speciflS to be 

the portion 0% 

Ony^ebr^olin, at «5h (100 ,bF. ie::?^s‘JK’„r3in’l'?g?oJrj;., or 
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Figure 4. Range of Applicability for LOX and RP-1 Regenerative Cooling 











II, C, Cooling Concept Selection, Isp Sensitivity! Conclusions, and 
Recommendations (cont.) 


3. lOX/Hydrogen 

W1 th . hydrogen as the coolant, no cooling limitations were 
encountered at mixture ratios between 4 and 8 and at chamber pressures up to 
6894 kPa (1000 psia); consequently, the use of oxygen as a coolant was not 
considered. The minimum coolant channel widths required to provide proper 
cooling are displayed in Figure 5. As can be seen, the most difficult region 
to cool, that of high pressure and low thrust, requires cooling channel 
widths between 0.025 and 0.05 cm 1(1.010 and 0.020 In.). The maximum channel 
depth-to-w1dth ratio employed was 4. Although the channel widths become 
slightly smaller at higher mixture ratios, this was not found to signifi- 
cantly alter the conclusions regarding cooling feasibility. 

4. LOX/Hethane 


In the LOX/methane system, both propellants were found to be 
almost equally suited for cooling, with only a slight advantage for oxygen at 
the optimum performance mixture ratio of 3.5. (See Figure 6) At higher 
pressures and lower thrust, neither propellant, acting alone, provided suffi- 
cient, heat removal capability to allow the required cooled chamber length to 
be attained at reasonable coolant pressure drop. The use of dual -propel 1 ant 
regenerative cooling, however, provided sufficient heat removal capability to 
overcome this limitation. The design limitations with dual -regenerative 
cooling are based strictly on the mlnimum-coolant channel size which can be 
fabricated and operated without plugging. The use of dual -regenerative 
cooling has only a minor effect on the minimum channel size as the latter Is. 
controlled by the cooling mass velocities required to maintain chamber wall 
temperature In the high heat- flux region and Is not strongly Influenced by 
rises In bulk temperature In the single-pass counterflow designs considered 
for this study. 


The minimum channel widths required to regeneratively cool 
zirconium copper (Zr-Cu) chambers operating at an engine MR of 3.5 are shown 
In Figure 7. In general, cooling with fuel Is noted to result In larger 
channel sizes. However, the fuel cooling system becomes limited by bulk 
temperature rise as pressure Increases; thus oxidizer must be employed for 
cooling at higher pressure even though the channels are smaller. As can be 
noted In the figure, there are certain thrust/chamber pressure regions where 
exceptions to this general conclusion exist, thus each case must be examined 
Individually. 


The ability to provide propellant regenerative cooling at 
low thrust and high pressure Is again dictated by the minimum size of the 
coolant channel. Dimensions down to 0.013 cm (0.005 In.) will be required 
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Chani>er Pressure, kPa (psia) 



Figure 6. Range of Applicability for LOX and 
Regenerative Cooling 
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Figure 7. Channel Widths Required for Regenerative Coollr 

with LOX/LCH^ Propellants at MR = 3.5 



LL, C, Cooling Concept Selection, Isp Sensitivity, Conclusions, and 
Recommendations (cont.) 


for low thrust.. and high pressure. The specification of a 0.076-cm 

(0. 030-in.) wide channel, as shown in Reference 1, limits cooling to the use 

of fuel only, and then only at high-thrust and low-pressure conditions. 

5. Effect of Added Enthalpy 

The LOX/hy.drogen propellant system was examined to determine 
the potential Improvements in specific impulse which could result if either 
the fuel or the oxidizer or both propellants were heated to 922®K (1200'*F} 
prior to injection. The performance study was conducted at 1779N (400 IbF) 
thrust and a chamber pressure of 2758 kPa (400 psia) for mixture ratios 
ranging from 2.0 to 8.0. It was assumed that the hydrogen from the tank 
would be employed to cool the chamber and that the discharge coolant would 
then be externally heated to 922°K (1200°F). The increase in heat flux and 
the reduction in coolant flow due to the effect of the higher propellant 
energy were accounted for in subsequent chamber cooling analyses. 

Figure 8 shows that the most significant gain In Isp occurs 
at low mixture ratio. Specific impulse improvements of up to 10% over normal 
boiling point (NBP) optimum MR values are attainable by heating both propel- 
lants and reducing the MR to «-2. The Isp values for 12 respective cases are 
shown In Table II. 

Cooling analyses for cases involving heated hydrogen and 
heating of both propellants were completed for selected Pc and thrust condi- 
tions [2758 kPa and 1779N (400 psia and 400 IbF), respectively] at a mixture 
ratio of 4. These results were then compared to data where both propellants 
were supplied to the engine at NBP energy levels. The effect of the higher 
combustion temperature and lower coolant flowrate (due to higher performance) 
was found to produce slightly more adverse, but manageable, cooling channel 
configurations. Table III provides a cooling comparison for the three cases. 
The table shows a small increase in cooling pressure drop for the heated pro- 
pellant cases. It should be noted that the size of the cooling channel must 
be made smaller in order to accommodate the 27% higher maximum flux for the 
added enthalpy cases. Representative cooling channel dimensions are as 
follows: 


Case 

1 NPB H 2 and O 2 

2 922*K (1200®F) 
H 2 and NBP O 2 

3 922‘*K (1200"F) 
K 2 and O 2 


Channel Depth, cm (in.) 
0.376 (0.148) 

0.252 (0.099) 

0.249 (0.098) 


Channel Width, cm (In.) 
0.094 (0.037) 

0.064 (0.025) 

0.061 (0.024) 


21 





TABLE II 


ADDED ENTHALPY RESULTS (PROPELLANTS: LOX/LHg) 

Pc 2758 kPa (400 psia) F = 1779 N (400 IbF) e - 400:1 


Case 


NBP 

Hot Hg, 

NBP Ox 

Hot Hg 

and Hot Og 


MR 

ispr 

ATf 

°K (°R) 


% Aisp 

'^^ox 
"K (“R) 

'pphp 

% Aisp 

wM 

433.8 

778 (1400) 

505.5 

16.5 

832 (1497) 

518.1 

19.4 


466.4 

721 (1296.9) 

496.9 

6.5 

832 (1497) 

508.4 

9.0 


464.9 

641 (1153.5) 

479.9 

3.2 

832 (1497) 

489.3 

5.2 

8 

441.6 

623 (1121.9) 

451.6 

2.3 

832 (1497) 

459.9 

4.1 


where 


IsPr 




NBP 


Reference case NBP 

Only hydrogen is heated by "free" source 

Temperature rise by "free" source 
Both hydrogen and oxygen are heated 

Temperature rise from tank condition 
Normal boiling point 


23 







TABLE III 


EFFECT OF ENTHALPY ADDITION TO PROPELLANT(S) 
FOR LOX/HYDROGEN SYSTEM 


PROPELLANTS 
NOMINAL Pc/f 
CASE No. 


Thrust, N (IbF) 

Pe, kP« {psia} 

Throat Radius, cut (In.) 

Contraction Ratio 
MR 

"ox* *‘9/**'^ (Itai/tac) 

Hf. kg/ttc (tbn/stc) 
aP^j, kPa (pit) 

Pjj-ln, kpa (psia) 

I’jj-out, kPa (psia) 

Tjj-1n. "K CF) 

Tjj-out, *K ("F) 

Regen c 

hg, max, kw/m^ *K (Btu/ln.*-$ec ”F) 
h,, oiax, kw/m* *k (Btu/ln.^-sec *F) 

Q/Aj max. kw/ro^ (Btu/1n.*-sec> 

Q/A, Biax, kw/m^ (8tu/1n.*-iee) 

®t<ital* (Bto/sec) 

T^, *1! ("F) 

Nall Thickness, cn (in.) 

''cj-oiax* 

\j-mix, 

No. Channels 

Min. Channel Depth, cn (in.) 

Limiting Criterion 

Cooling Channel Geometry 
Depth/Width B Max Flux Point, cn (In.) 

Depth/MIdth » Max Bulk Temperature, 

cm (In.) 


"O 


aP 


cj 


"fee 


NO 


O^/Nj 

400/400 

1 


K. 




NBP 


1779 (400) 

P7S8 (400) 
l.OSP (0.414) 
S.OO 

4 

0.323 (0.712) 
0.081 (0.178) 
7.58 (1,1) 

3894 (564.8) 
3886 (563.7) 

23 (-418.0) 

202 (-96.9) 
11.32 

6.854 (0.00233) 
8.237 (0.00280) 
14447 (8.84) 
4952 (3.03) 
232.3 (220.3) 
2924 (4803.3) 

.762 (0.3) 

24.5 (80.3) 

0.039 

72 

0.142 (0.056) 

0.376/0.094 

(0.148/0.037) 

0.815/0.203 

(0.321/0.080) 


Total Nelght Flou Oxygen 
Toul Height Flow Fuel 
Coolant Nelght Flow 
Cooling Jacket Inlet Pressure Drop 
Cooling Jacket inlet Pressure 
Cooling Jacket Tan^eraturc Rise 
Cooling Jacket inlet Temperature 
Fuel Flln-Creling Nelght flow 
Gai-Slde Halt Te^ierature 


LEGEND 


V»2 

V»2 

400/400 

400,'400 

2 

3 

• 927 ‘K (1200 *7) 

"eI . 922 ' 

Oj » NBP 

O3J *(1200 < 

1779 (400) 

1779 (400) 

2758 (400) 

2758 (400) 

1.029 (0.405) 

1.024 (0.403) 

8.00 

8.00 

4 

4 

0.287 (0.6318) 

0.279 (0.6158) 

0.072 (0.1579) 

0.070 (0.1539) 

17.92 (2.6) 

19.30 (2.8) 

3894 (564.8) 

3894 (564.8) 

3876 (562.2) 

3874 (562.0) 

23 (-418.0) 

23 (-418.0) 

250 (-9.6) 

264 (14.6) 

7.28 

8.21 

7.442 (0.00253) 

7.354 (0.00250) 

10.149 (0.00345) 

10.560 (0.00359) 

18320 (11.21) 

16679 (11.43) 

5965 (3.65) 

6079 (3.72) 

261.9 (248.4) 

269.6 (255.7) 

3275 (5425.3) 

3352 (5573.3) 

.762 (0.3) 

.762 (0.3) 

32.9 (107.8) 

35,1 (115.3) 

0.051 

0.054 

89 

89 

0.124 (0.049) 

0.137 (0.054) 


'wg 


0.251/. 064 
(0.099/0.025) 

0.610/0.155 

(0.240/0.061) 


0.249/0.061 

(0.098/0.024) 

0, 582/0. 147 
(0.229/0.058) 


'wl 

’'9 ’ 

h, 

0/A, ■ 

q/A, . 

V 

''cJ ■ 

^’cj-max" 


Liquid-Side Nall Temperature 
Gas-Side Neat Transfer Coefficient 
Liquid-Side Heat Transfer Coefficient 
Get-Side Heat Flux 
Liquid-Side Heat Flux 
Recovery Temperature 
Maximim Coolant Jacket Velocity 
Naxlenm Coolant Jacket Mach Ntitiber 
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II, Summary (cont.) 


D. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
1* General 

charter length and “"reartd '""““d cortustton 

Jentafl^ efficiency should he e“e?i- 

should be Identified fI?\e5e«rMSSlil?I*™I cooling channels 

surface roughness and oanufacturlng toleranJerSoSld bj rtta^Jed?" 

2. LOX/RP-1 

coolant for LOX/RP-1 eS«''iirtrltlSJ'!rhtrt“JL‘'L®'^’°^®‘‘ “ “® 
coollna 1s sultahi^ nniu chamber pressures. RP-i 

IbF). ® only at low pressures and thrust levels above 1779N (400 

lants are used as‘coolanU?""*"“ ce attainable when both propel- 

dua1-regenerat1ve"coo1ll!5 "ilaT 3S4 ^eJd^SfJ 

(1000 IbF) thrust anrf ^ respectively, at 4448N 

thrust. ’ respectively, at 445N (100 IbF) 


3. L0X/LH2 


MR box of interest [(445-4448N aoo^l000^ 

?igulJe“3’io"? 
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II, D, Conclusions and Recommendations for Future Work (cont.) 


using NPD propellants for an area ratio of 400:1. 
the maximum attainable Isp for hydrogen cooling Is 468 seconds. This occurs 
at the follow-lng conditions; Pc » 2Z58 kPa (400 psi), F - 4448N (1000 IbF) 
and MR » 4. Further Improvements. are possible If injector element density ’ 
guidelines are adjusted to a finer pattern, (more than 0.93 elements/cm^ (6 
eleraents/1n.-<:) of face surface). A perfect Injector ERE « 100% wouid. 
provlde an Isp of 472 seconds. 


values of 490 to 510 sec are attainable with bydr.o- 
gen and oxygen If the propellants are heated to 922“K U200®F) by an external 

source. Liquid hydrogerLcegeneratlve cooling prior to heating the propellant 
IS recommended- « r r 


4. LOX/LCH 4 


titner supercritical fuel or oxidizer can be employed as a 
regenerative coolant at higher thrust and at pressures below ;ft'2068 kPa (300 

operation at lower thrust . nd more optimum MR 
('if3.5) at chamber pressures up to 2758 kPa (400 psi). ^ 


^ Dual -propel 1 ant cooling allows operation to ''4136 ( 600 

fhrust of 1779N (400 IbF) and to 5515 kPa (800 psi) at 4448M (1000 
ibF). Oxygen should be used as the primary coolant in .he high-flux throat 

rhjlsr; should be used as the coolant in the large contraction ratio 

chamber region to extend the chamber length and Improve performance. 


not provide 
ficult. 


® Chamber pressures greater than ;^3447 kPa (500 psi) do 
any significant performance advantage and make cooling more dlf- 


seconds. 


“ The maximum Isp at 4448N (1000 IbF) thrust Is 375 
cooling, oxidizer cooling, or dual -propellant cooling orovlde 
P®'"^o'^ance at the high-thrust level. At 445N^(100 
IbF) thrust, the maximum Isp Is 356 sec for oxidizer-regenerative cooling and 
360 sec for dual -regeneratl ve cooling. Fuel cooling at the low-thruit 
condition was not recommended. 
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III. 


RESULTS OF PA. ulETRIC STUDIES FOR LOX/RP-1 


A. SUMMARY 

The objective of the Task III analyses was to detemtne the 
extent of applicability of regenerative cooling concepts for LOX/RP-1 engines 
over a thrust range of 445 to 4448M (100 to 1000 IbF), a chamber pressure 
range of 68& to 6894 kPa (100 to 1000 psia), and a mixture ratio range of 1 
to 5. Using the simplified thermal model developed In Task II, these studies 
minimized the design and cooling constraints Imposed on earlier studies. In 
this study, either or both propellants could be util 1 zed-as-coolants., and no 
restrlctlonjwas placed on minimum channel size. 

The results showed that cooling with RP-1 Is limited to high- 
thrust, low-pressure, and low mixture ratio operating ranges. Cooling with 
oxygen allows higher chamber pressures and lower thrusts to be attained. If 
both the RP-1 and oxygen are used as coolants, an even broader operating 
range becomes feasible. A limited high-pressure, low-thrust region was Iden- 
tified where additional (film) cooling would be required. In general, the 
Task III analyses showed significant cooling advantages for channels whose 
widths are less and whose channel aspect ratios are greater than fabricable 
with conventional machining. 

8. THERMAL DESIGN 

1* Scope and Analytical Basis 

The simplified thermal design model developed In Task II 
requires (a) preliminary performance parametric data to estimate weight flows 
and throat size, (b) engine and cooling channel design constraining guide- 
lines, and (c) thermochemical data characterizing gas-side flow and thermal 
parameters. This model and the preliminary analyses performed In Task II for 
the LOX/Rt-1 system at mixture ratios of 2 and 4 provided the methodology for 
the rapid_inyest1gat1on of design parameter variations. 

The study envelope for Task III was as follows: 

Propellants - LOX and RP-1 

Thrust, F - 445N (100 IbF) _< F < 4448N (1000 IbF) 

Chamber Pressure, Pc - 689 kPa (100 ps1a) < Pc < 6894 kPa 

(1000 psia) ■“ ~ 

Mixture Ratio, 0/F - l£ x MR ^ 5 

Chamber Material - Zirconium-Copper Alloy 

No benefit was assumed for possible gas-side heat flux reduction 
due to carbon deposition. 
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Ill, B, Thermal Design (cent.) 


a. Performance Parameters 


_ Parametric specific Impulse and thrust coefficient 

(Cp) data at the selected expansion ratio (e ■» 400:1) were generated as a 
function of F, Pc, and MR, then input directly to the SCALEF thermal design 
program. These data were used to determine the propellant flowrates and 
throat sizes. Engine L' values, were estimated from these preliminary 
performance data as functions of thrust and chamber pressure for enerav 
release efficJencJes (ERE's) greater than 95i. 

b. Design Guidelines 

. . . L Although limiting design constraints were to be kept to 

a minimum by the philosophy of the study, practical considerations dictated 
certain assumptions to assess the feasibility of specific designs. These 
Included: 


® Coolant Pressure Drop 

LO 2 and RP-1 AP _< 1724. kPa(250 psi) 

“ Maximum Bulk Temperature 

LO 2 Tb £ 394*K (250®F) 

RP-1 Tb ^ 450*K (350*F) 

® Maximum Gas-Side Wall Temperature 

LO 2 and RP-1 T„g _< Sll’K {1000®F) 

® Maximum Coolant-Side Wall Temperature 

LC 2 T„ < 589®K (600*F) 

RP"1 T^^ £ 561*K (550’F) 


The pressure drop limitation was based on power-bal- 
ance considerations for typical engine cycles. The coolant bulk temperature 

^ temperature limits were based on oxygen-copper 
(O 2 -CU) reaction rates for oxygen and on incipient coking for RP-1. The 
gas-side wall temperature was limited by strength and cycle life to meet an 
engine firing duration of a typical mission (20 cycles and up to 50 hours). 
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in, B, Thermal Design (cont.) 


c. Thermochemical ^nd Gas Dynamic Parameters 

j TRAN 72 and Rao nozzle design programs were 

^ generate gas-side parameters and nondlmenslonalenglnrgeometry 
or the ranges of thrust, Pc, and MR studied. The minimum engine contraction 
ratio was selected to be 8;1, This was based on test experience and a 
sensitivity analysis (Appendix A) which had shown undesirable high mixing and 
MporiMtIon losses, high chenber- heet fluxes, end high totel heit l«dS et 
lower contraction ratios. The minimum chamber radius of 1.91 cm (0 75 In 1 
was Chosen to allow for an Igntter and two rows of InJectlireUments! Tli s 

Jr««rl’" ""‘'•““O" '■•«« “P W ‘">=1 « low thruit anS htrSer 

n ja.m u thermal transport properties. Cn/C.. rat<o 

and Prandtl number were found to be primarily functions of mixture ?at?o 

temperature, thrust coefficient, and specific Impulse 
were functions of both Pc and mixture ratio. impulse 

2. Analysis Methodology 

j a parametric cooling analyses for LOX/RP-l orooellants 
were performed In accordance with the following logic: ^ 

arm inn ikci®’ 1779. and 445N (1000 

400, and 100 IbF) - were analyzed sequent! allyjn that order. ^ ’ 

e t ha Analysis for "single-regen” cooling was oerformed 

fP’' Singla-fegen ?m11m Is 

P[?P®I'dht on'y as codlant. and cooling tha chamber from 
the- radi ation-cool ed attachment area ratio (or from an area rat4n nf if 
the attach point ratio Is less than 6:1) ?o the iSjeJIo? lS a s Sgf^piss 
counterflow configuration. * 

... ^ ?* Single-regen fuel cooling was considered first 

kfa (iSg.loS? JnhooS pJiS)]! 2758, and 6894 

dlln temperature rise (reduced L') or by excessive coolant pressure 

computer solutions could not be achieved because 
of numerical difficulties resulting from fluid property variations. 
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Ill, B, Thermal Design (cent.) 


high-pressure gradients or because channel widths of less than 0.005 cm 
(0,002 In.) were required. 

d. Si igl e-regen oxidizer cooling was then studied In the 

same fashion, starting with an MR of S and successively reducing the mixture 
ratio to an MR_val ue_of -2 . 

Where the bulk temperature rise in the engine barrel 
section was excessive, it led to a decrease In coolant density and a rapid 
Increase In pressure drop as chamber length Increased. This resulted In a 
termination of L' "below. the minimum dictated by performance criteria. When 
these conditions were encountered, calculations were performed to include a 
low-conductivity liner, in the cyli^ndr leal section only . The thermal resis- 
tance of this liner was standardized at a t/k value^f 

The addition of the liner increased the maximum gas-side temperature from 
!$ to a range between 1089“ and 1644“K (1500“ 

ainH 9Kfiri"ir 1 


e. Dual-regen cooling, with or without a liner, was ana- 
lyzed when cooling with a single propellant could not be achieved within the 
constraints Imposed by the thermal design criteria. In this mode, RP-1 
cooling was considered from the radiation skirt attachment point area ratio 
to an expansion area ratio of 6:1. This was selected as a practical point 
frOT a fabrication and cooling standpoint as It was not reasonable to make 
this transition in the high-flux throat area. Oxygen cooling was then 
analyzed from e ■ 6:1 to the injector plane. 

Normally, two significant design cooling problems are 
encountered: first, that posed by the locally high heat-flux region near the 
throat, and, secondly, the high total heat gain region in the cylindrical 
section. The latter Is characterized by low flux over a large surface. The 
dual-regen concept attacks both problems because the use of RP-1 cooling in 
the skirt allows colder oxygen to be available for throat as well as for 
chamber cooling. 


. ^ T. These analyses provided the chamber L' and propellant 
temperatures to the Injector required for the performance analyses for each 
F, Pc, MR, and cooling conce pt combination. 
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Ill, B, Thermal Design (cont.) 


3. Single-Propellant Regenerative Cooling Results (Fuel or 
Oxygen } 

Selected input data and calculated results for cooling with 
RP-1 and oxygen are presented in Tables IV and V, respectively. The table 
nomenclature is given in Table VI. The more significant results are dis- 
played graph ically_ij) Figures 9 through 20. 

a. Coolant Pressure Drop 

Cooling channel pressure drops for both RP-1 and oxygen 
as single-regen coolants are shown in Figures 9 through 11 as a function of 
mixture ratio for thrusts of 4448, 1779, and 445N (1000, 400, and 100 IbF), 
respectively. Chamber pressures of 689, 2758, and 6894 kPa (100, 400, and 
1000 psia) are shown at all thrust levels for both coolants, wh.il e data at 
additional Pc values are displayed for F = 445N (100 IbF) with oxyaen_as-Jthe 
coolant. 


A key design parameter is the area ratio at which the 
regenerative cooling ends and the radiation-cooled skirt begins. At a mix- 
ture ratio of 1, the engine can be completely radiation-cooled or regenera- 
tively cooled at all thrust levels and Pc's. If the allowable radiation- 
cooling temperature is reduced from the allowable 1589*K (2400*F) (coated 
columbium) to 1311°K (1900®F), regenerative cooling is required. Acceptable 
coolant jacket pressure drops at all chamber pressures are possible at MR“1, 

> With increasing MR, AP values 1) increase but remain acceptable at the F * 
4448N (1000 IbF) level for Pc = 689 kPa (100 psia), 2) become marginal up to 
MR * 3 for F = 1779N (400 IbF), and 3) are unacceptable at F = 445N (100 
IbF). Consequently, fuel -regenerative cooling is practical at the following 
F, Pc, and MR combinations; 

MR = 1 All F's, 445-4448M (100-1000 IbF) and Pc's, 689-6894 kPa 
(100-1000 psia) 

MR =2-5 F = 4448N (1000 IbF); Pc = 689 kPa (100 psia) 

MR =2,3 F = 1779N (400 IbF); Pc = 689 kPa (100 psia) 

u r ^ oxygen is the coolant at mixture ratios from 2 

through 5, channel pressure drops are acceptable at all Pc's at F» 4448N 
(1000 IbF). Note, however, that a reduced chamber L' (Table V) is required 
with MR = 2 and 3 at a Pc of 6894 kPa (1000 psia). At a thrust of 1779N (400 
IbF), oxygen cooling is feasible for Pc's of 689 and 2758 kPa (100 and 400 
psia). At Pc = 6894 kPa (1000 psia) and MR = 5, an acceptable pressure drop 
is approached for single-regen cooling only with a channel depth/width ratio 


TABLE IV 


Code 

MR 

F 

Pc 

Coolant 

Pm 


^wall 

CR 


Cp 


— 

N 

kPa 

- 

kPa 

.•*. 

era 

" 

“K 

" 

1-1-1/F 

1 

445 

689 

F 

1379 

2. CO 

0.76 

8.00 

1424 

1.948 

1-1-4/F 



2758 

F 

6205 

2.25 

0.76 

13.96 

1488 

1.975 

M-IO/F 



5894 

F 

9652 

1.40 

0.25 

34.79 

1551 

1.969 

1-4- 1/F 


1779 

689 

F 

1379 

2.00 

0.76 

8.00 

1424 

1.915 

1-4-4/F 



2758 

F 

6205 

2.25 

0.76 

8.00 

1488 

1.936 

1-4-lO/F 



6894 

F 

9652 

1.40 

0.25 

8.58 

1551 

1.942 

1-10-1/F 


4448 

689 

F 

1379 

2.00 

0.76 

8.00 

1424 

1.892 

1-10-4/F 



2758 

F 

6205 

2.25 

0.76 

8.00 

1488 

1.903 

1-10-10/F 



6894 

F 

9652 

1.40 

0.25 

8.00 

1551 

1.907 

2-1-1/F 

2 

445 

689 

F 

1379 

2.00 

0.76 

8.00 

3139 

1.768 

2-4- 1/F 


1779 

689 

F 

1379 

2.00 

0.76 

8.00 

3139 

1.822 

2-4-4/F 



2758 

F 

6205 

2.25 

0.76 

8.00 

3266 

1.875 

2-10-l/F 


4448 

689 

F 

1379 

2.00 

0.25 

8.00 

3139 

1.844 

2-10-4/F 



2758 

F 

6205 

2.25 

0.76 

8.00 

3266 

1.899 

3-4-1/F 

3 

1779 

689 

F 

1379 

2.00 

0.76 

8.00 

3358 

1.903 

3-10-1/F 


4448 

689 

F 

1379 

2.00 

0.25 

8.00 

3358 

1.956 

4-4-1/F 

4 

1779 

689 

F 

1379 

2.00 

0.76 

8.00 

3306 

1.954 

4-10-1/F 


4448 

689 

F 

1379 

2.00 

0.25 

8.00 

3306 

1.968 

5-4-1/F 

S 

1779 

689 

F 

1379 

2.00 

0.76 

8.00 

3221 

1.969 

5-lO-l/F 


4448 

689 

F 

1379 

2.00 

0.25 

8.00 

3221 

1.978 


SELECTED PARAMETERS CHARACTERIZING EN 

COOLING WITH RP-1 
(Single Regen) 


Channel 



. ^ Dimensions 

Aspect 


Isp* 

Ratio 

Throat 

Barrel 



d/w 

w/d 

H/d 


sec 

-- 

cm 

cm 

L' 





on 

-251.2 

8 . 

0.076/0.610 

0.076/0.180 

14.40 

257.5 

8. 

0.0460/0.3673 

0.0460/0.135 

10.46 

259.5 

8. 

0.0170/0.1369 

0.0358/0.236 

10.41 

250.9 

8. 

0.1793/1.435 

0.1798/0.297 

19.79 

257.2 

8. 

0.0330/0.218 

0.0640/0.472 

14.40 

260.4 

8. 

0.211/0.147 

0.0406/0.325 

14.55 

250.2 

8. 

1.977/1.262 

0.2146/1.697 

24.41 

255.7 

8. 

0.0498/0.335 

0.1026/0.798 

17.78 

259.0 

8. 

0.0315/0.226 

0.0640/0.450 

17.78 


310.6 8. 0.9974/0.058 0.0114/0.091 4.06 


324.8 

8. 

0.0168/0.135 

0.0236/0.191 

10.77 

333.3 

8. 

0.0099/0.079 

0.0119/0.097 

6.05 

330.0 

8. 

0.0318/0.254 

0.0414/0.333 

20.07 

341.7 

8. 

0.0132/0.107 

0.0185/0.150 

7.92 

321.4 

8. 

0.0130/0.104 

0.0206/ 

7.42 

330.0 

8. 

0.0249/0.201 

0.0323/0.257 

17.30 

311.4 

8. 

0.0117/0.086 

0.0168/0.135 

6.22 

317.5 

8. 

0.0226/0.180 

0.0292/0.234 

12.22 


i 

3 

1 

2 


300.2 8. 0.0109/0.086 0.0132/0.107 7 4? 91 

305.0 8 . 0.0211/0.168 0.0300/0.236 niio U 


£PJJ^QUJ. JERAME 


TABLE IV 


__;^CHARACTERIZING ENGINE REGENERATIVE 
COOLING WITH RP-1 
(Single Regen) 


■aoni 

■ Barrel 
— ' w/d 


cm 

L’ 

n 

••ch 

'A 

aP 


cm 

cm 

cm 


kPa 

0.076/0.180 
0.0460/0.135 
. O; 0358/0. 236 

14.40 
10.46 

10.41 

1.026 

0.511 

0.323 

2.903 

1.905 

1.905 

6.00 

6.00 

6.67* 

11.0 

72.4 

717 

0.1798/0.297 

0.0640/0.472 

0.0406/0.325 

19.79 

14.40 

14.55 

2.070 

1.029 

0.650 

5.857 

2.913 

1.905 

6.00 

6.00 

8.17* 

6.2 

62.0 

902 

0.2146/1.697 
0.1026/0.798 
0„; 0640/0. 450 

24.41 

17.78 

17.78 

3.294 

1.643 

1.039 

9.319 

4.646 

2.936 

6.00 

6.00 

7.31* 

0.69 

43.4 

506 

O..01 14/0. 091 

4.06 

1.080 

3.040 

6.00 

1062 

-- 0 . 0236/0.191 
0.0119/0.097 

10.77 

6.05 

2.123 

1.046 

6.005 

2.959 

6.00 

8.61 

232 

3114 

.O .0414/0.333 
0.0185/0.150 

20.07 

7,92 

3.338 

1.643 

9.439 

4.651 

6.00 

11.56 

104.8 

3334 

O . 0206/ 

0 . 0323/0.257 

7.42 

17.30 

2.062 

3.241 

5.834 

9.164 

6.00 

6.00 

412 

112.4 

“0.0168/0.135 

=0.0292/0.234 

6.22 

12.22 

2.050 

3.231 

5.799 

9.136 

6.00 

6.00 

483 

121.3 

■0^0132/0.107 

■0.0300/0.236 

7.42 

11.10 

2.042 

3.223 

5.776 

9.114 

6.00 

6.00 

533 

126.8 


hg,max 


T^.ln 

Tjj.out 


kw/m^ 

*K 


•K 

X 10* 

289 

362 

73 

1714 

289 

372 

83 

5030 

289 

392 

103 

16679 

289 

334 

45 

1533 

289 

359 

70 

10502 

289 

390 

101 

24180 

289 

326 

36 

1683 

289 

342 

53 

9501 

289 

366 

77 

21797 

289 

450 

161 

1868 

289 

450 

161 

1462 

289 

450 

161 

4324 

289 

456 

166 


289 

456 

161 

5618 

289 

451 

162 

1365 

289 

450 

161 

1100 

289 

468 

179 

1327 

289 

450 

161 

1050 

289 

478 

189 

1291 

289 

456 

167 

1024 


SI Units 


QgjJiax 

Q .max 

No. of 

kw/m^ 

kw/m^ 

Channel s 

1471 

752 

80 

4412 

1993 

73 

14935 

6945 

45 

1291 

719 

73 

8431 

1781 

117 

20850 

6928 

67 

1373 

310 

115 

7631 

1585 

134 

18939 

5311 

85 

4690 

2059 

163 - 

3693 

1209 

226 

U062 

5016 

155 

2990 

637 

237 

13971 

4705 

197 

3807 

1471 

232 

3056 

981 

248 

3562 

147 

235 

2676 

981 

254 

3366 

1454 

237 

2712 

981 

259 


*TWRAD = 1311“K (otherwise 1786"’K) 
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SELECTED PARAMETERS CHARACTERIZING 

COOLING WITH RP- 
(Single Regen), 


CKannel Dimensions 














Aspect Ratio 

Throat 

Barrel 



Code 

MR 

P 

Pc 

Coolant 

Pin 

Pln/Pc 

VaU 

CR 

Te 

Cp 

lap* 

d/w 

w/d 

w/d 

L» 




IbP 

pale 

— 

psia 


in« 

— 

®R 


sec 

“ 

in./ln. 

in./ln. 

in. 

B 

1-1-1/F 

1 

100 

100 

p 

800 

2.00 

.3 

8.00 

2564 

1.948 

251.2 

8. 

.030/.240 

.030/.071 

5.67 

1 

1-1-4/P 



400 

p 

900 

2.2S 

.3 

13.96 

2680 

1.975 

257.5 

8. 

.0161/. 1446 

.0181/. 053 

4.12 


1-J-lO/P 



1000 

F 

1400 

1.40 

.1 

34.79 

2791 

1.969 

259.5 

8. 

.0067/.OS39 

.0141/. 093 

4.17 


1-4- 1/F 


400 

100 

F 

200 

2.00 

.3 

8.00 

2564 -1.915 

250.9 

8. 

.0706/. 565 

.0708/. 117 

7.79 


1-4-4/P 



400 

F 

900 

2.25 

.3 

8.00 

2680 

1.936 

257.2 

a. 

.0130/.086 

.0252/. 166 

5.67 


1-4-10/P 



1000 

F 

1400 

1.40 

.1 

8.58 

2791 

1.942 

260.4 

8. 

.0083/. 058 

.0160/. 126 

5.73 


1-10-1/P 


1000 

100 

F 

200 

2.00 

.3 

8.00 

2564 

1.892 

250.2 

8. 

.0621/. 497 

.0845/. 668 

9.61 

1 

1-10-4/P 



400 

F 

900 

2.25 

.3 

8.00 

2680 

1.903 

255.7 

8. 

.0194/. 132 

.0404/. 314 

7.00 


1-10-10/F 



1000 

F 

1400 

1.40 

.1 

8.00 

2791 

1.907 

259.0 

8. 

.0124/. 089 

.0252/. 177 

7.08 


»-l-l/P 

2 

100 

100 

F 

200 

2.00 

.3 

8.00 

5651 

1.768 

310.6 

8. 

.0029/. 023 

.0045/. 036 

1.60 


»-l-l/P 


400 

100 

F 

200 

2U)0 

.3 

8.00 

5651 

1.822 

324.8 

8. 

.0066/.053 

.0093/.075 

4.24 


8-4-4/P 



400 

F 

900 

2.25 

.3 

8.00 

5878 

1.875 

333.3 

8. 

.0039/. 031 

.0047/.038 

2.38 


8-10-1/P 


1000 

100 

P 

200 

2.00 

.1 

8.00 

5651 

1,844 

330.0 

8. 

.0125/. 100 

.0163/. 131 

7.90 

1 

8-10-4/P 



400 

P 

900 

2.25 

.3 

8.00 

5878 

1.899 

341.7 

8. 

.0052/. 042 

.0073/. 059 

3.12 


3-4-1/P 

3 

400 

100 

P 

200 

2.00 

.3 

8.00 

6044 

1.930 

321.4 

8.— 

.00S1/.041 

.0081/ 

2.92 


3-10-1/F 


1000 

100 

P 

200 

2.00 

.1 

8.00 

6044 

1.956 

330.0 

8. 

.0098/.079 

.0127/. 101 

5.63 

1 

4-4-1/P 

4 

400 

100 

F 

200 

2.00 

.3 

8.00 

5950 

1.954 

311.4 

8. 

.0046/.037 

.0066/.053 

2.45 


4-10-1/P 


1000 

100 

F 

200 

2.00 

.1 

8.00 

5950 

1.968 

317.5 

8. 

.0089/.071 

.011S/.092 

4.81 

1 

5-4-1/P 

5 

400 

100 

F 

200 

2.00 

.3 

8.00 

5797 

1.969 

300.2 

8. 

.0043/. 034 

.0052/. 042 

2.92 


5-10-1/P 


1000 

100 

P 

200 

2.00 

.1 

8.00 

5797 

1.978 

305.0 

8. 

.0083/. 066 

.0118/.093 

4.37 

1 


^Estimated For Thermal Design 


CQI^DOUJ: FRAMli' 


TABLE IV (Cont.) 

ERS CHARACTERIZING ENGINE REGENERATIVE 
COOLING WITH RP-1 
(Single Regen) 


(iienslons 


Barrel 




Code 

e. 

OP 

TK.in 

H/d 

L!- 

■■t. 

*’ch 


A 

psi 


tn./in. 

In. 

in. 

in. 





.030/.071 

5.67 

.404 

1.143 

1-1-1/P 

6.00 

1.6 

60.3 

.0181/.0S3 

4.12 

.201 

.750 

1-1-4/F 

6.00 

10.5 

60.3 

.0141/. 093 

4.17 

.127 

.750 

1-1-10/P 

6.67* 

104. 

60.3 

.0708/. 117 

7.79 

.815 

2.306 

1-4-1/F 

6.00 

.9 

60.3 

.0252/. 186 

5.67 

.405 

1.147 

1-4-4/F 

6.00 

9.0 

60.3 

.0160/. 128 

5.73 

.256 

.750 

1-4-10/F 

8.17* 

130.9 

60.3 

.0845/. 668 

9.61 

1.297 

3.669 

1-10-1/F 

6.00 

.1 

60.3 

.0404/.314 

7.00 

.647 

1.829 

1-10-4/F 

6.00 

6.3 

60.3 

.0252/. 177 

7.08 

.409 

1.156 

1-10-10/P 

7.31* 

73.4 

60.3 

.0045/. 036 

1.60 

.424 

1.200 

2-1- 1/F 

6.00 

154. 

60.3 

.0093/. 075 

4.24 

.836 

2.364 

2-4-1/F 

6.00 

33.6 

U0.3 

.0047/. 038 

2.38 

.412 

1.165 

2-4-4/F 

8.61 

451.7 

60.3 

.0163/. 131 

7.90 

1.314 

3.716 

2-10-1/P 

6.00 

15.2 

60.3 

.0073/. 059 

3.12 

.647 

1.831 

2-I0-4/F 

11.56 

483.6 

60.3 

.0081/ 

2.92 

.812 

2.297 

3-4-1/F 

6.00 

59.7 

60.3 

.0127/. 101 

5.63 

1.276 

3.608 

3-lO-l/P 

6.00 

16.3 

60.3 

.0066/. 053 

2.45 

.807 

2.283 

4-4-1/F 

6.00 

70.0 

60.3 

.01 15/. 092 

4.81 

1.272 

3.597 

4-10-1/P 

6.00 

17.6 

60.3 

.0052/. 042 

2.82 

.804 

2.274 

5-4-1/P 

C.OO 

77.3 

60.3 

.0118/. 093 

4.37 

1.289 

3.588 

5-10-1/F 

6.00 

18.4 

60.3 





• TWRAD = 

2360*’r (otherwise 321S°R) 


English Units 


T.,out 


hB,niax 

Btu/in.^ 

Qgtini* 

Btu/in.* 

Btu/in.® 

No. of 
■Channels 

®P_ 

®P 

eec*F 

see 

sec 




xlO'® 




191.3 

131.0 

.592 

.90 

.46 

80 

210.0 

149.7 

1.710 

2.70 

1.22 

73 

245.1 

184.8 

5.670 

0.14 

4.25 

45 

141.3 

81.0 

.521 

.79 

.44 

73 

185.7 

125.4 

3.57 

5.16 

1.09 

117 

242.6 

182.3 

8.22 

12.76 

4.24 

67 

125.9 

65.6 

.572 

.84 

.19 

115 

155.6 

95.3 

3.23 

4.67 

.97 

134 

199.4 

139.1 

7.41 

11.59 

3.25 

85 

350.7 

260.4 

.635 

2.87 

1.26 

163 

350.7 

290.4 

.497 

2.26 

.74 

226 

350.0 

289.7 

ija 

6.77 

3.07 

155 

360.0 

299.7 

— 

1.83 

.39 

237 

350.2 

289.9 

1.91 

-8.55 

2.86 

197 

351.9 

291.6 

.471 

2.33 

.90 

232 

350.4 

290-1^ 

.374 

1.87 

.60 

248 

381.7 

321.4 

.451 

2.18 

.90 

235 

350.3 

290.0 

.357 

1.76 

.60 

254 

400.8 

340.5 

.439 

2.06 

.86 

237 

360.1 

299.8 

.348 

1.66 

.60 

259 


EOUJOUa: ERAMB 


TABLE V 


— — SELECTED 

SELECTED PARAMETERS CHARACTERIZIHG ENGINE REGEN 

(Single Regen) 


PARAMETERS CHARACTERIZING ENGINE REGEW 

(Single Regen) j 


Code 

MR 

F 

N 

Pc 

kPa 

Coolant 

’’in 

kPa 

‘wall 

• cm 

(n*t.b)* 

CR 

2 - 1 - 1/0 

2 

445 

689 

0 

6205 

9.00 

0.76 

8.00 

2 a - 4/0 



2758 

0 

6205 

2.25 

0.76 

13.10 

2 - 4 - 1/0 


1779 

689 

0 

1379 

2.00 

0.76 

8.00 

2 - 4 - 4/0 



2758 

0 

6205 

2.25 

0.76 

8.00 

2 - 10 - 1/0 


4448 

689 

0 

1379 

2.00 

0.76 

8.00 

2 - 10 - 4/0 



2758 

0 

6205 

2.25 

0.76 

8.00 

2 ao - io/o 



6894 

0 

9652 

1.40 

.0635 

8.00 

3 - 1 - 1/0 

3 

445 

689 

0 

6205 

9.00 

0.76 

8.00 

3 - 1 - 4/0 



2758 

0 

6205 

2.25 

0 . 76 , 1 . 02 . 1.02 

14.39 

3 - 1 - 5/0 



3447 

0 

6791 

1.97 

0 . 76 , 1 . 02 , 1.02 

16.70 

3 - 1 - 6/0 



4136 

0 

7370 

1.78 

0 . 76 , 1 . 02 , 1.02 

20.00 

3 - 1 - 7/0 



4826 

0 

7928 

1.64 

0 . 76 , 1 . 02 , 1.02 

23.40 

3-4-1/0 


1779 

689 

0 

1379 

2.00 

0.76 

8.00 

3 - 4 - 4/0 



2758 

0 

6205 

2.25 

0,76 

8.00 

3 - 10 - 1/0 


4448 

689 

0 

1379 

2.00 

0.76 

8.00 

3 - 10 - 4/0 



2758 

0 

6205 

2.25 

0.76 

8.00 

3 - 10 - 10/0 



6894 

0 

9652 

1.40 

0.0635 

8.00 

4 - 1 - 1/0 

4 

445 

689 

0 

6205 

9.00 

0.76 

8.00 

4 - 1 - 4/0 



2758 

0 

6205 

2.25 

0.76 

14.54 

4 - 1 - 5/0 



3447 

0 

6205 

1.80 

0 . 76 , 1 , 02 , 1.02 

16.70 

4 - 1 - 6/0 



4136 

0 

6205 

1.50 

0 . 76 , 1 . 02 , 1,02 

20.00 

4 - 1 - 8/0 



5515 

0 

8514 

1.54 

0 . 76 , 1 . 02 , 1.02 

26.70 

4 - 1 - 9/0 



6205 

0 

9086 

1.46 

0 . 76 , 1 . 02 , 1.02 

30.00 

4 - 4 - 1/0 

4 

1779 

689 

0 

1379 

2.00 

0.76 

8.00 

4 - 4 - 4/0 



2758 

0 

6205 

2.25 

0.76 

8.00 

4 - 4 - 10/0 



6894 

0 

9657 

1.400 

0.0635 

9.32 

4 - 10 - 1/0 


4448 

689 

0 

1379 

2.00 

0.76 

8.00 

4 - 10 - 4/0 



2758 

0 

6205 

2.25 

0.76 

8.00 

4 - 10 - 10/0 



6894 

0 

9652 

1.40 

0.0635 

8.00 

5 - 1 - 1/0 

5 

445 

689 

0 

6205 

9.00 

0.76 

8.00 

5 - 1 - 3/0 



2068 

0 

6205 

3.00 

0.76 

10.94 

5 - 1 - 4/0 



•%758 

0 

6205 

2.25 

0.76 

14.77 

5 - 1 - 10/0 



6894 

0 

9652 

1.40 

0.0635 

37.54 

5 - 4 - 1/0 


1779 

689 

0 

1379 

2.00 

0.76 

8.00 

5 - 4 - 4/0 



2758 

0 

6205 

2.25 

0,76 

8.00 

5 - 4 - 10/0 



6894 

0 

9652 

1.40 

0.0635 

9.40 

5 - 10 - 1/0 


4448 

689 

0 

1379 

2.00 

0.76 

8.00 

S - 10 - 4/0 



2758 

0 

6205 

2.25 

0.76 

8.00 

5 - 10 - 10/0 



6894 

0 

9652 

1.40 

0.0635 

8.00 


Chennel 


Tc 

•K 

Cp 

Up 

sec 

Aspect Dimensions 

Ratio Throat Barrel 

d/w** w/d w/d 

em/cffl cm/cm 

L* 

cm 

cm 

“"ch 

cm 

1 

1 

3139 

1.768 

310.6 

8 . 0 . 0152 / 0.122 

0 . 0300 / 0.102 

14.40 

1.080 

3.040 

( 

3266 

1.853 

315.5 

20 . 0 JJ 079 / 0.155 

0 . 0155 / 0.307 

7,24 

0.526 

1.905 

11 

3139 

1.822 

324.8 

8 . 0 . 0272 / 0.218 

0 . 0884 / 0.706 

19.79 

2.123 

6.005 

( 

3266 

1.875 

333.3 

8 _ 0 . 0257 / 0. 206 

0 . 0353 / 0.231 

14.44 

1.046 

2.957 

1 

3139 

1.844 

330.0 

a . 0 . 0531 / 0.424 

0 . 1453 / 1.163 

24.41 

3.338 

9.439 

( 

3266 

1.899 

341.7 

8 . 0 . 0358 / 0.287 

0 . 0599 /- 

17.78 

1.643 

4.651 

i : 

3327 

1.871 

332.9 

20 . . 30 . 0 . 0185 / 0.549 

0 . 0325 / 0.480 

12.32 

1.046 

2.961 

4 : 

3358 

1.944 

305.5 

8 . 0 . 0183 / 0.0356 0 . 0356 / 0 . 19114.44 

1.029 

2.909 

1 

3562 

2.036 

320.1 

20 . 0 . 0081 / 0.165 

0 . 0254 / 0.196 

10.16 

0.503 

1.905 

1 ) 

3602 

2.056 

322.3 

20 . 0 . 0076 / 0.152 

0 . 0244 / 0.168 

10.16 

0.447 

1.826 

2 ; 

3634 

2.073 

324.0 

20 . 0 . 0066 / 0.132 

0 . 0239 / 0.155 

10.16 

4.06 

1.816 

2 ! 

3659 

2.085 

325.3 

20 . 0 . 0056 / 0.112 

0 . 0249 / 0.091 

10.16 

0.375 

1.814 

3 : 

3556 

1.930 

321.4 

8 . 0 . 0315 / 0.251 

0 . 1024 / 0.798 

19.79 

2.062 

5.834 

1 

3562 

2.061 

340.1 

8 . 0 . 0274 / 0,218 

0 . 0391 / 0.277 

14.44 

.998 

2.824 

i( 

3556 

1.956 

330.0 

8 . 0 . 0610 / 0.488 

0 . 1641 / 1.313 

24.41 

3.241 

9.164 

( 

3562 

2.066 

348.4 

8 . 0 . 0434 / 0.348 

0 . 0655 / 0.523 

17.78 

1.577 

4.458 

1 ! 

3703 

2.090 

344.9 20 , , 30 . 0 . 0193 / 0 . 5 i 9 

0 . 0343 / 0.325 

12.88 

0.991 

2.804 

Si 

3306 

1.935 

297.2 

8 . 0 . 0224 / 0.178 

0 . 0437 / 0.315 

13.49 

1.031 

2.913 

i 

3578 

2.056 

306.8 

8 . 0 . 0117 / 0.094 

0 . 0434 / 0.127 

10.46 

0.500 

1.905 

u 

3550 

2.073 

309.2 

20 . 0 . 0091 / 0.180 

0 . 0290 / 0.345 

10.16 

0.445 

1.819 

21 

3575 

2.084 

311.2 

20 . 0 . 0084 / 0.165 

0 . 0284 / 0.338 

10.16 

0.406 

1.814 

2 < 

3609 

2.095 

313,9 

20 . 0 . 0071 / 0.142 

0 . 0267 / 0.318 

10.16 

0.351 

1.808 

3 i 

3622 

2.097 

314.7 

20 . 0 . 0061 / 0.124 

0 . 0272 / 0.279 

10.16 

0.330 

1.806 

4 ] 

3306 

1.954 

311.4 

8 . 0 . 0379 / 0.302 

0 . 1186 / 0.947 

19.79 

2.050 

5.799 

( 

3578 

2.069 

326.4 

8 . 0 . 0333 / 0.267 

0 . 0465 / 0.373 

14.44 

0.996 

2.817 

n 

3634 

2.109 

323.9 

20 . 0 . 0168 / 0.338 

0 . 0279 / 0.203 

3.07 

0.625 

1.905 

44 

3306 

1.968 

317.5 

8 . 0 , 0726 / 0.579 

0 . 1864 / 1.491 

24.41 

3.23 

9.136 

( 

3578 

2.076 

335.3 

8 . 0 , 0513 / 0.411 

0 . 0749 / 0.566 

17.78 

1.572 

4.448 

12 

3634 

2.106 

336.2 

20 . 0 . 0211 / 0.422 

0 . 0417 / 0.483 

16.54 0.988 

2.794 

48 

3221 

1.963 

288.9 

8 . 0 , 0267 / 0.213 

0 . 0500 / 0.366 

14.44 

1.024 

2.893 

6 

3350 

2.064 

293.4 

8. 0 . 0152 / 0.127 

0 . 0330 / 0.244 

11.10 0.577 

1.905 

10 

3396 

2.090 

295.0 

8 . 0 . 0142 / 0.114 

0 . 0375 / 0.221 

10.46 0.495 

1.905 

14 

3514 

2.124 

299.6 

20 . 0 . 0107/0 213 

0 . 0272 / 0.061 

2.36 0.310 

1.905 

40 

3221 

1.969 

300.2 

8 . 0 . 0412 / C . 353 

0 . 1316 / 1.052 

19.79 

2.042 

5.776 

6 

3396 

2.085 

312.3 

8 . 0 . 0396 / 11.318 

0 . 0538 / 0.376 

14.44 0.993 

2.807 

8 

3514 

2.127 

305.9 

20 . 0 . 0198 / C . 396 

0 . 0318 / 0.127 

3.07 0.622 

1.905 

43 

3221 

1.978 

305.0 

8 . 0 . 0826 / 0.660 

0 . 207 / 1.656 

24.41 3.223 

9.114 

8 

3396 

2.084 

320.9 

8 . 0 . 0599 / 0.480 

0 . 0851 / 0.462 

17.78 1.569 

4.465 

11 

3514 

2.112 

318.8 

20 . 0 . 0272 / 0.541 

0 . 0472 / 0.886 

17.98 0.985 

2.789 

H 


*n - nozzle 
t - thPoit 

b - berrit 

**W»en two ninbert ere given, the first refers to throet d/w, while the second to birrel d/w 
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TABLE V 

Prizing engine regenerative cooling with oxygen 

(single Regen) _ 


Metric Units 


No. of Channels 


ln,Sec“F/6tu 


^0.102 14.40 1.080 3.040 f.OC- 207 

<0.307 7.24 0.526 1.905 14.04 824- 


0,706 19.79 

2.123 

6.005 

6.00 

174 

90.7 

365 

0,231 14.44 

1.046 

2.957 

3 61 

869 

94.5 

352 

1.163 24.41 

3.338 

9.439 

6.00 

64 

90.7 

277 

17.78 

1.643 

4.651 

11.56 

385 

94.5 

283 

0:480 12.32 

1.046 

2.961 

41.63 

1595 

97.1 

333 

'/0. 19114. 44 

1.029 

2.909 

6.00 

105 

94.5 

365 

0,196 10.16 

0.503 

1.905 

18.05 

454 

94.5 

390 

0.168 10.16 

0.447 

1.826 

23.39 

659 

94.9 

389 

0.155 10.16 

4.06 

1.816 

29.08 

1038 

95.4 

389 

0.091 10.16 

0.375 

1.814 

33.74 

2225 

95.8 

426 

0.798 19.79 

2.062 

5.834 

6.00 

86 

90.7 

321 

0.277 14.44 

.998 

2.824 

10.86 

684 

94.5 

318 

1.313 24.41 

3.241 

9.164 

6.00 

71 

90.7 

246 

0.523 17.78 

1.577 

4.458 

12.80 

319 

94.5 

244 

0.325 12.88 

0.991 

2.804 

52.63 

1717 

97.1 

330 

0.315 13.49 

1.031 

2.913 

6.00 

57 

94.5 

280 

0.127 10.46 

0.500 

1.905 

16.72 

946 

94.5 

395 

0.345 10.16 

0.445 

1.819 

21.66 

331 

97.1 

341 

0.338 10.16 

0.406 

1.814 

26.87 

498 

97.1 

363 

0.318 10.16 

0.351 

1.808 

36.10 

833 

96.2 

334 

0,279 10.16 

0.330 

1.806 

41.02 

1790 

96.6 

344 

0.947 19.79 

2.050 

5.799 

6.00 

94 

— 90.7 

278 

0.373 14.44 

0.996 

2.817 

10.15 

412 

94.5 

258 

0.203 3.07 

0.625 

1.905 

44.94 

3655 

97.1 

174 

1.491 24.41 

3.23 

7.136 

6.00 

51 

90.7 

214 

0.566 17.78 

1.572 

4.448 

12.27 

187 

94.5 

206 

0.483 16.54 0.988 

2.794 

48.76 

1726 

97.1 

320 

0.366 14.44 

1.024 

2.893 

6.00 

35.8 

94.5 

251 

0.244 11.10 0.577 

1.905 

10.23 

300 

91.8 

303 

0.221 10.46 0.495 

1.905 

14.74 

424 

94.5 

315 

0.061 2.36 0.310 

1.905 

40.70 

266 

97.1 

172 

1.052 19.79 

2.042 

5.776 

6.00 

64.8 

90.7 

245 

0.376 14.44 0.993 

2.807 

8.92 

255 

94.5 

214 

0.127 3.07 0.622 

1.905 

43.58 

1679 

97.1 

301 

.656 24.41 

3.223 

9.114 

6.00 

30.3 

90.7 

191 

0.462 17.78 1.569 

4.465 

11.21 

no 

94.5 

182 

0.886 17.98 0.985 

2.789 

44.53 

783 

97.1 

279 


rocoouT frame 


34 



Channel 

Aspect OiRwnslans 


Code 

m 

F 

1bF 

Pc 

psia 

Coolant- 

psia 

^n/^= 

^fan 

In. 

(n.t.b)* 

CR 

•R 

Cf- 

Isp 

sec 

Ratio 

d/w*» 

Throat 

w/d 

In, /In, 

Barrel 

w/d 

In, /In. 

1 ' 

In. 

In. 

••ch 

In. 

2~l/0 

2 

loo' 

iocT 

0 

900 

9.00 

.3 


siiT 

1.768 

31^6 

T. 

.0060/. 048 

.0118/. 040 

sT? 

.T2'4 

iTibo 

2-1-A/O 



400 

0 

900 

2,25 

.3 

13.10 

5878 

1.853 

315.5 

20. 

.0031/. 061 

.0061/. 12) 

2.85 

.207 

.750 

2*4-l/0 


400 

100 

0 

200 

2.00 

.3 

8.00 

5651 

1.822 

324.8 

8. 

.0107/.086 

.0348/. 278 

7.79 

.836 

2.364 

2-4- 4/0 



400 

0 

900 

2.25 

.3 

8.00 

5878 

1.875 

333.3 

8. 

.0101/. 081 

.0139/. 091 

5.67 

.412 

1.164 

2-10-1/0 


1000 

100 

0 

200 

2.00 

.3 

8.00 

5651 

1.844 

330.0 

8. 

.0209/. 167 

,0572/. 458 

9.61 

1.314 

3.716 

2-10-4/0 



400 

0 

900 

2.25 

.3 

8.00 

5878 

1.899 

341.7 

8. 

.0141/. 113 

.0236/ — 

7.00 

.647 

1.831 

2-10-10/0 



1000 

0 

1400 

1.40 

.025 

8.00 

5988 

1.871 

332.9 

20., 30. 

.0073/. 216 

.0128/. 189 

4.85 

.412 

1.167 

3-1-1/0 

3 

100 

100 

0 

900 

9.00 

.3 

8.00 

6044 

1.944 

305.5 

8. 

.0072/. 014 

.0140/. 075 

5.67 

.405 

1.145 

3-1-4/0 



400 

0 

900 

2.25 

.3, .4, .4 

14.39 

6411 

2.036 

320.1 

20. 

.0032/. 065 

.0100/. 077 

4.00 

.198 

.750 

3-1-5/0 



500 

0 

985 

1.97 

.3, .4. .4 

16.70 

6483 

2.056 

322.3 

20. 

.0030/. 060 

.0096/. 066 

4,00 

.176 

.719 

3-1-6/0 



600 

0 

1069 

1.78 

.3, .4, .4 

20.00 

6541 

2.073 

324.0 

20. 

.0026/. 052 

.0094/. 061 

4.00 

1.60 

.715 

3- 1-7/0 



700 

0 

1150 

1.64 

.3,. 4, .4 

23.40 

6587 

2.085 

325.3 

20. 

.0022/. 044 

.0098/. 036 

4.00 

.148 

.714 

3-4-1/0 


400 

100 

0 

200 

2.00 

.3 

8.00 

6044 

1.930 

321.4 

8. 

.01 24/. 099 

.0403/. 31 4 

7.79 

.812 

2.297 

3-4-4/0 



400 

0 

900 

2.25 

.3 

8.00 

6411 

2.061 

340.1 

8. 

.0108/. 086 

.0154/. 109 

5.67 

.393 

1.112 

3-10-1/0 


1000 

100 

0 

200 

2.00 

.3 

8.00 

6044 

1.956 

330.0 

8. 

.0240/. 192 

.0646/. 51 7 

9.61 

1.276 

3.608 

3-10-4/0 



400 

0 

900 

2.25 

.3 

8.00 

6411 

2.066 

348.4 

8. 

.0171/. 137 

.0258/. 206 

7.00 

.621 

1.755 

3-10-10/0 



1000 

0 

1400 

1.40 

.025 

8.00 

6665 

2.090 

344.9 

20., 30. 

.0076/. 228 

.0135/. 128 

5.07 

.390 

1.104 

4-M/O 

4 

100 

100 

0 

900 

9.00 

.3 

8.00 

5950 

1.935 

297.2 

8. 

.0088/. 070 

.0172/. 124 

5.31 

.406 

1.147 

4-1-4/0 



400 

0 

900 

2.25 

.3 

14.54 

6332 

2.056 

306.8 

8. 

.0046/. 03 7 

.0107/. 050 

4.12 

.197 

.750 

4-1-5/0 



500 

0 

900 

1.80 

.3. .4. .4 

16.70 

6390 

2.073 

309.2 

20. 

.0036/. 071 

.0114/. 136 

4.00 

.175 

.716 

4- 1-6/0 



600 

0 

900 

1.50 

.3. .4. .4 

20.00 

6435 

2.084 

311.2 

20. 

.0033/. 065 

.0112/. 133 

4.00 

.160 

.714 

4-1-8/0 



800 

0 

1235 

1.54 

.3, .4, .4 

26.70 

6497 

2.095 

313.9 

20. 

.0028/. 056 

.0105/. 125 

4.00 

.138 

.712 

4-1-9/0 



900 

0 

1318 

1.46 

.3, .4. .4 

30.00 

6520 

2.097 

314.7 

20. 

.0024/. 049 

.0107/. no 

4.00 

.130 

.711 

4-4-1/0 

4 

400 

lOO 

0 

200 

2.00 

.3 

8.00 

5950 

1.954 

311.4 

8. 

.0149/. 119 

.0467/. 373 

7.79 

.807 

2.283 

4-4-4/0 



400 

0 

900 

2.25 

.3 

8.00 

6332 

2.069 

326.4 

8. 

.0131/. 105 

.0183/. 47 

5.67 

.392 

1.109 

4-4-10/0 



1000 

0 

1400 

1.400 

.025 

9.32 

6541 

2.109 

323.9 

20. 

.0066/. 133 

.0110/. 088 

1.21 

.246 

.750 

4-10-1/0 


1000 

100 

0 

200 

2.00 

,3 

8.00 

5950 

1.968 

317.5 

8. 

.0286/. 228 

.0734/. 587 

9.61 

1.272 

3.597 

4-10-4/0 



400 

0 

900 

2.25 

.3 

8.00 

6332 

2.076 

335.3 

8. 

.0202/. 162 

.0295/. 21 9 

7.00 

.619 

1.751 

4-10-10/0 



1000 

0 

1400 

1.40 

.025 

8.00 

6541 

2.106 

336.2 

20. 

.0083/. 166 

.0164/. 190 

6.51 

.389 

1.100 

5-1-1/0 

5 

100 

100 

0 

930 

9.00 

.3 

8.00 

5797 

1.963 

288.9 

8. 

.0105/. 084 

.0197/. 144 

5.67 

.403 

1.139 

S-1-3/0 



300 

0 

900 

3.00 

.3 

10.94 

6030 

2.064 

293.4 

8. 

.0063/. 050 

.01 30/. 096 

4.37 

.227 

.750 

5-1-4/0 



400 

0 

900 

2.25 

.3 

14.77 

6112 

2.090 

295.0 

8. 

.0056/. 045 

.0128/. 087 

4.12 

.195 

.750 

5-1-10/0 



1000 

0 

1400 

1.40 

.025 

37.54 

6325 

2.124 

299.6 

20. 

.0078/. 156 

.0125/. 05 

.93 

.122 

.750 

5-4-1/0 


400 

100 

0 

200 

2.00 

.3 

8.00 

5797 

1.969 

300.2 

8. 

.0174/. 139 

.0518/. 414 

7.79 

.804 

2.274 

5-4-4/0 



400 

0 

900 

2.25 

.3 

8.00 

6112 

2.085 

312.3 

8. 

.0156/. 125 

.0212/. 148 

5.67 

.391 

1.105 

5-4-10/0 



1000 

0 

1400 

1.40 

.025 

9.40 

6325 

2.127 

305.9 

20. 

.0078/. 156 

.0125/.05 

1.21 

.245 

.750 

9-10-1/0 


000 

100 

0 

200 

2.00 

.3 

8.00 

5797 

1.978 

305.0 

8. 

.0325/. 260 

.081 5/. 652 

9.61 

1.269 

3.588 

5-10-4/0 



400 

0 

900 

2.25 

.3 

8.00 

6112 

2.084 

320.9 

8. 

.0236/. 189 

.0335/. 182 

7.00 

.618 

1.748 

5-10-10/0 



1000 

0 

1400 

1.40 

.025 

8.00 

6325 

2.112 

318.8 

20. 

.0107/. 213 

.0186/. 349 

7.08 

.388 

1.098 1 


•n • noitle 
t - throet 
b • barrel 

**When tMo nunbers are 9lveri( the first refers to throat d/w, while the second to barrel d/w 
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TABLE V (ContJ 






BIZING ENGINE REGENERATIVE COOLING WITH 0XY6EN- 
(Slngle Regen) 






Engifsh Units 

L' r, r aP T^.ln T^.out aT^ 

(n - PSi *F “F “F 

h9,iHx 

Btu/in.*/ 

sec°F 

^.IMX 
9 7 

Btu/ln/ 

sec 

QjiIMX 

8tu/1n.^ 

sec 

No. of Channels 

Liner 

t/k 

1n.^ sec°F/Btu 


046 

5.67 

.424 

1.200 

6.00 

30.0 

- 289.9 

310.6 

600.5 

.635 

2.89 

.72 

147 

- 

121 

2.85 

.207 

.750 

14.04 

119.5 

- 289.9 

232.7 

522.6 

2.11 

9.64 

1.40 

114 

“ 

- 2^8 

7.79 

.836 

2.364 

6.00 

25.3 

- 296.7 

196.7 

493.4 

.497 

2.24 

.51 

200 


091 

5.67 

.412 

U 164 - 

8.61 

126.1 

- 289.9 

174.7 

464.6 

1.47 

6.78 

2.70 

128 

• 

4 ^ 

9.61 

1.314 

3.716 

6.00 

9.3 

- 296.7 

37.7 

334.4 

.396 

1.83 

.59 

221 



7.00 

.647 

1.831 

11.56 

55.9 

- 289.9 

48.7 

338.6 

1 . S 1 

9.04 

2.22 

152 

- 

189 

4,85 

.412 

1.167 

41.63 

231.3 

- 285.3 

140.2 

425.5 

6.13 

28.90 

4.89 

85 

“ 

075 

5.67 

.405 

1.145 

6.00 

15.2 

- 289.9 

197.3 

487.2 

.608 

3.00 

.64 

138 

. 

077 

4.00 

.198 

.750 

18.05 

65.8 

- 289.9 

241.3 

531.2 

2.06 

10.37 

1.21 

133 

600 . 

066 

4.00 

.176 

.719 

23.39 

95.6 

- 289. 1 

240.3 

529.4 

2.48 

12.48 

1.57 

129 

600 - 

061 

4.00 

1.63 

.715 

29.08 

150.6 

- 288.3 

239.8 

528.1 

2.87 

14.71 

1.93 

127 

600 . 

036 

4.00 

.148 

.714 

33.74 

322.8 

- 287.6 

306.8 

594.4 

3,25 

16.88 

2.50 

126 

600 . 

314 

7.79 

.812 

2.297 

6.00 

12.5 

- 296.7 

117.0 

413.7 

.471 

2.31 

.45 

187 

- 

109 

5.67 

.393 

1.112 

10.86 

99.2 

- 289.9 

112.8 

402.7 

1,43 

7.33 

2.38 

122 

“ 

&17 

9.61 

1.276 

3.608 

6.00 

10.3 

- 296.7 

- 17.5 

279.2 

.374 

1.88 

.58 

202 

- 

.206 

7.00 

.621 

1.755 

12.80 

46.3 

- 289.9 

- 21.0 

268.9 

1.50 

8.06 

2.31 

137 

- 

.128 

5.07 

.390 

1.104 

52.63 

249.0 

- 285.3 

133.9 

419.2 

5.80 

31.37 

5.03 

80 

* 

.124 

5.31 

.406 

1.147 

6.00 

8.3 

- 289.9 

44.0 

333.9 

.570 

2.77 

.53 

131 

. 

.050 

4.12 

.197 

.750 

15.72 

137.1 

- 289.9 

251.6 

541.5 

1.98 

9.86 

2.25 

105 

- 

.136 

4.00 

.175 

.716 

21.66 

48.0 

- 285.3 

154.2 

439.5 

2.37 

11.78 

1.24 

126 

600 . 

.133 

4,00 

.160 

.714 

26,87 

72.2 

- 285.3 

194.2 

479.5 

2.73 

13.61 

1.43 

124 

600 . 

.125 

4.00 

.138 

.712 

36.10 

120.9 

- 286.8 

141.8 

428.6 

3.42 

17.45 

2.10 

122 

600 . 

.110 

4.00 

.130 

.711 

41.02 

259.7 

- 286.1 

159.8 

445.9 

3.75 

19.32 

2.69 

121 

600 . 

.373 

7.79 

.807 

2.283 

6.00 

13.6 

- 296.7 

39,9 

336.6 

.451 

2.17 

.63 

174 


.47 

5.67 

,392 

1.109 

10.15 

59.8 

- 289.9 

3.8 

293.7 

1.37 

6.93 

2.01 

114 


-088 

1.21 

.246 

.750 

44.94 

530.2 

- 285.3 

- 146.1 

139.2 

4.29 

24.44 

4.37 

54 


.587 

9.61 

1.272 

3.597 

6.00 

7.4 

- 296.7 

- 74.3 

222.4 

.357 

1.75 

.50 

184 


.219 

7.00 

.619 

1.751 

12.27 

27.1 

- 289.9 

- 90.1 

199.8 

1.51 

7.97 

1.90 

128 


.190 

6.51 

.389 

1.100 

48.76 

250.3 

- 285.3 

116.2 

401.5 

5.46 

30.12 

4.48 

78 


. 144 

5.67 

.403 

1.139 

6.00 

5.2 

- 289.9 

- 7.7 

282.2 

.549 

2.59 

.44 

125 


.096 

4.37 

.227 

.750 

10.23 

43.5 

- 294.7 

84.8 

379.4 

1.54 

7.33 

1.41 

106 


.087 

4.12 

.195 

.750 

14.74 

61.5 

- 289.9 

107.8 

397.7 

1.95 

9.33 

1.85 

102 


.05 

.93 

.122 

.’50 

40.70 

386.0 

- 285.3 

- 151.3 

134.0 

4.04 

21.01 

4.85 

32 


.414 

7.79 

.804 

2.274 

6.00 

9.4 

- 296.7 

- 19.5 

277.2 

.439 

2.05 

,55 

164 


. 148 

5.67 

.391 

1.105 

8.92 

37.0 

- 289.9 

- 75.6 

214.3 

1.35 

6.54 

1.64 

107 


.05 

1.21 

,245 

.750 

43.58 

243.5 

- 285.3 

- 158.6 

126.7 

4.67 

25.33 

3.88 

52 


.652 

9.61 

1.269 

3.588 

6.00 

4.4 

- 296.7 

- 116.2 

180.5 

.348 

1.66 

.41 

171 

. 

. 182 

7.00 

.618 

1.748 

11.21 

15.9 

- 289.9 

- 131.5 

158.5 

1.56 

7.85 

1.52 

119 

“ 

. 349 

7.08 

.388 

1.098 

44.53 

113.6 

- 285.3 

41.6 

326.9 

5.32 

27.93 

3.59 

73 

- 
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TABLE VI 


TABLE NOMENCLATURE 


Code Designator for basic analysis parameters 

X-Y-Z/C where X = MR 

Y “ F (last two zeros deleted) 

Z = Pc (last two zeros deleted) 

C = Coolant (F = fuel, 0 *■ oxidizer) 


MR 

F 

Pc- - 
Coolant 


■^In 

^wall 

CR 

^c 

Isp 

d/w 

L' 

r.. 


'ch 


AP 

Tjj, out 

hg, max 
^g, max 
Q 

X, max 

Throat w/d 

Barrel w/d 

No. of 
Channel s 


TCA mixture ratio with no film cooling 
Engine thrust, N (lbF)_ 

Chamber pressure, kPa (psia) 

Regenerative coolant, where F = RP-1 

0 = O 2 

Coolant Inlet pressure, kPa (psia) 

Ratio of coolant Inlet pressure to chamber pressure 

Gas-side wall thickness, cm (In.) 

Contraction ratio, chamber flow area/throat flow area 
Chamber combustion temperature, ®K (®R) (TRAN 72) 

Thrust coefficient 

Specific impulse, sec (vacuum, delivered) 

Channel depth- to-wldth ratio 
Engine L' , cm (in.) 

Throat radius, cm (In.) 

Chamber radius (to metal), cm (in.) Liner considered to have no thickness. 

Attachment area ratio for radiation-cooled nozzle. Based on wall temperature 
of 1311®K (1900®F) for MR = Land 1786®K (2755®F) for other values of MR 

Calculated pressure drop for a multistation analysis, kPa (psi) 

Coolant temperature at channel Inlet, ®K (®F) 

Coolant temperature at coolant outlet (Injector or discharge manifold), ®K (®F) 
Coolant temperature rise, ®K (“F) 

Maximum gas-side heat transfer coefficient, kw/m ®K (Btu/ln. sec ®F) 

2 2 

Maximum gas-side heat flux, kw/m (Btu/ln. sec) 

Maximum coolant-side heat flux, kw/m (Btu/ln. sec) 

Channel width/channel depth at throat, cm/cm (In. /In.) 

Channel width/channel depth In cylindrical section, cm/cm (In. /In.) 

Number of coolant channels (single-pass, up-flow) 
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Figure 9. 


Coolant Pressure Drop for LOX. RP-1, and Dual -Regenerative 
Cooling Concepts, F = 4448N {1000 IbF) ^ erative 
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MIXTURE RATIO, 0/F 


Figure 11. Coolant Pressure Drop for LOX, RP-1* and Dual -Regenerative 
Cooling Concepts, F = 445N (100 IbF) 







out 



F = 1779N (400 IbF) 



*RP-1 Outlet at Start of Convergent Section (No Barrel) 
d/w = 8, Unless Noted Otherwise 



F “ 445N (100 IbF) 


FUEL LIMIT 


OX LIMIT 



Pc, kPd (psia) 
O 6094 (1000) 

L 6205 (900) 

0 SS1S (800) 

0 4026 (700) 
^4137 ( 600) 
03467 ( 600) 

A 2758 (400) 

^ 2068 (300) 

□ 689 (100) 



23 

d/w = 8 


d/w = 20, Unless Noted Otherwise 


Min. L' 
® Liner 


MIXTURE RATIO, 0/F 

Figure 14. Coolant Discharge Temperature for LOX, RP-i and Dual 
Regenerative Cooling Concepts, F = 445N (100 IbF) 




3 


MR 

r L' for LOX, RP- 1 , and Dual -Regenerative 
ts, F = 4448N (1000 IbF} 



F = 1779N {400 IbF} 


Pc, kPa (psia) 
O 6894 (1000) 

A 2758 (400) 

D 689 (100) 


Cool Ant 5 

• RP-1 ] 

1 S1ftq1e> 

0 Oj 1 

I Regen 

® RP-1 1 

Dual* 

® J 

I Regen 



d/w = 8, Unless Noted Otherwise 




0 


F = 445N (100 IbF) 


Pc, kPa (psia) 
O 6894 (1000) “ 
^ 620S (900) 

O (800) 

0 4826 (700) 
4^4137 ( 600) 

O 3447 (500) 

A 2758. (600) 

A 2068 (300) 

□ 689 (100) 


Coolant & Mode 

• } Single. 

O Og ) Regen 

® '*^-’■■1 Dual- 
® Oj j <^960 



d/w = 20 Unless Otherwise Noted 



MIXTURE RATIO 


Figure 17. 


Maximum Chamber L' for LOX, RP~l, and Dual -Regenerative 
Cooling Concepts, F = 445N (100 IbF) regenerative 
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mil* 


F * 4448N (1000 IbF) 


Pc, kPa (psia) 
O 6894 (1000) 

A 2758 (400) 

□—689- (100) 


Cool^ 


j 


Single- 

Regen 


Dual- 

Regen 








CHANNEL WIDTH, in 





MIXTURE RATIO, 0/F 

Figure 20. Minimum Coolant Channel Width Required for lOX. RP-1, and 
Dual -Regenerative Cooling Concepts, F = 445N (100 IbF) 






LII, B, Thermal Design {cont.) 


of 20 and a reduced chamber L'; also. It Is necessary to resort to dual-regen 
cooling (oxygen Inlet at e = 6:1) to achieve a pressure drop less than the /iP 
limit criterion. Single-regen cooling with oxygen Is not practical at mix- 
ture ratios below.5 ai-high operating pressures In the mid- and low- thrust 
range. 


The excessive pressure drop problem is compounded at 
F = 445N (100 IbF). The pressure drops are. acceptable only for the MR range 
studied for Pc = 689 kPa (100 psia). Additional analyses at Intermediate 
chamber pressures were made to assist in determining data trends. The 
decreased pressure drop associated with higher aspect ratio channels Is 
nius.trated by the data for d/w » 8 and 20 at Pc = 2758 kPa (400 psia). 

Thus, the additional Pc's evaluated at MR's of 3 and 4 were characterized by 
the larger coolant channel aspect ratio. Al.though these analyses are 
limited. It appears that single-regen cooling with oxygen at the 445N (100 
IbF) thrust level Is possible at Pc's up to about 4619 kPa (670 psia) at MR 
4, and at Pc's of perhaps 3447 to 4136 kPa (500 to 600 psia) at MR = 2. Sev- 
eral data points suggest that the pressure drop curve Is linear at the hlaher 
MR s but curves upward at MR's below about 3. ® 


b. Coolant Discharge Temperature 

The temperature of the coolant leaving the coolant 
jacket Is displayed in Figures 12 through 14. For oxygen, the outlet temper- 
ature is below the limiting temperature for most design points except at the 
445N (100 IbF) thrust level. The temperature limit Is a complex function of 
MR, Pc, and channel aspect ratio. This parameter Is a direct Input to the 
perfonnance sensitivity analysis. 


The fuel outlet temperature is below the limiting value 
only at MR- « 1. At higher MR's, It becomes the controlling parameter In 
determining chamber L'. Note that for F » 1779N (400 IbF) at MR's of 4 and 
5, the temperature shown exceeds the stated coking limit. This Is the result 
of the limit being reached within the convergent section; consequently. If 
the desired contraction ratio Is to be achieved (albeit with a zero-length 
cylindrical section), an Increased outlet temperature Is necessary. 

c. Chamber L' 


^ Trends in chamber L' as a function of MR and Pc are 

shown In Figures 15 through 17 for thrusts of 4448, 1779, and 445M (1000. 
400, and 100 IbF). With RP-1 as the coolant, the L' values decrease with 
Increasing mixture ratio at all thrust levels. Decreasing thrust also 
results In lower L' values for the same Pc and MR. Bulk temperature rise 
limitations result In reduced L' values as the coolant flowrate decreases 
with Increasing mixture ratio. ««.r«ses 


49 


Ill, B, Thermal Design (cont.) 


. . ^ ^ oxygen cooling, however, L' values are essentially 

Indeoendent of MR except at F = 4448N (1000 IbF) and Pc = 6894 kPa (1000 
psia) where the bulk temperature rise limits L‘ at MR‘-s of 2 and 3. Chamber 

decreasing thrust and Increasing Pc up to a Pc of 2758 kPa 
(400 psia). ^ w iN.r« 

d. Channel Width 

Theresults of an earlier analytical study (reported In 
JhL “1? LOX/RP-1 LOX/LCH4. and LOX/LHo as coolants had 

shown that RP-1 could not be used to cool engines In this thrust and Pc range 
If conventional channel dimensions were used. Current fabrication technology 

'“-“25 in.) with , maxtmuit 

aspect ratio (depth/width) of 5. 

ha, K 4. /JO'*" Figures 18, 19, and 20, the analyses 

reported herein substantiate these earlier findings. Only for RP-1 at MR » 1 
? lowest thrust and chamber pressure [445N (100 IbF) and 689 kPa 
(100 psia), respectively] does the predicted channel width of 0.076 cm (0,030 
in.) approach the conventional minimum width of 0.083 cm (0.0325 in.). 
Increasing Pc or MR requires decreasing channel width for cooling; the 

solution was achieved was 0.058 cm 
Figure 2oil ^ ^ MR » 2 (see 

n rtoi In nnn j maximum channel width calculated for oxygen was 

0.081 cm (0.032 in.) at F * 4448N (1000 IbF), Pc * 689 kPa (100 psia) and MR 
= 5 (see Figure 18). A minimum value of 0.006 cm (0.0022 In.) was calculated 
for F » 445N (100 IbF) Pc = 4826 kPa (700 psia), and MR^ 3- ChInSel iidth 
pressure^ decreasing thrust and mixture ratio and increasing chamber 

.4. 4S Channel width as a function of Pc for curves of con- 

stant l^h^ust for each coolant at each mixture ratio are cross-plotted In 

Is a sensitive function of Pc for RP-1 at 
D? 14. ^U4 Indicate less sensitivity of channel width to both MR and 

Pc at higher mixture ratios. 

broader feasibility range for oxygen cooling as 

chaHIIei"wiH?h^fn^p’ Indicates a similar but somewhat lower sensitivity ’of 

«t all mixture ratios. The minimum channel width 
increasing'*Pc^ decreasing MR (I.e., decreasing oxygen flowrate) and 
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Figure 21. L02/RP-1 Minimum Required Channel Width for RP-1 Regenerative 
Coding as a Function of Mixture Ratio and Thrust 




Figure 22. LO 2 /RP-I Minimum Required Channel Width for Oxygen Regenerative 
Cooling as a Function of Mixture Ratio and' Thrust 




ni, B, Thermal Design (cent.) 


4 . *u ^ graphic 1 lustration of the relationship of fabrlca- 
tlon technology to the regenerative cooling capabilities of oxygen Is shown 

“PP®'" P®”®^ depicts the approximate operating llmitatlops 
Hnle* conventional channel width of 0.076 cm (0.030 In,). Only at MR = 5 

low Pc"!^ capability exist, and this only at the maximum thrust and at 

w ^ Doslgn feasibility Is greatly enhanced If the channel 
with a reduced to 0.025 cm (0.010 In.), assumed achievable 

with a relatively modest. Investment 1n technology development. At MR *» 5 
operation at a thrust of 4448N (1000 IbF) is practical at all chamber nre« 

the upper Pc limit Is about 5515 kPa (800 Ssia) 
while a thrust of 445N (100 IbF) can be obtained at Pc's near 689 kPa (100 ’ 

?estrictJd bSt reduced, the operating map becomes more 

restricted but still encompasses a broad range at the lowest MR. 

j . ® minimum channel width of 0.013 cm (0.005 in \ 

lowest constraint on size based on filtration limitations* the 
operating map covers most of the study range. The mlnimurthrust dSl2ns 
bec^e progressively less feasible with decreasing mixture ratio The 
obvious 1m lotion for this expanded capabimy map ifShe I^Jeased diffi 
cully anticipated In fabricating reproducible channels to this dimension. 

IS given In Figure 24. 

fo®oao\ro^010%ro‘^00r!in^ 1 decreased fr^ 0.076 to 0.025 to 0.013 cm 
MR a 1 however, this Improvement Is limited to 

oVa^rm Jf capabilily shown at hlaher mixture ratios for the 

0.013-cm (0.005-^tn.) minimum channel width. __ 


4. 


Dual -Propel! ant Regenerative Cooling Results (Fuel and 
Oxygen) — 


bsononas Selocted Idput data and calculated results for dual- 

P»‘esented In Table VII. RP-i cools the nozzle from 
location*fI?”mJjffAfH?°^"^ n*"®® ^ ~ assumed to be a practical 

lh"d1«hI?geTa!,(?i?;"a'i thf ?S;ec1o7!' “ 

both RP-1 and oxy“geV?n terms^i'ST^ynirp.^SllJe^'fSp” 

discharge temperature, etc.). For the remaining cases a compfete anaJIsU 

'i: »*J'Sen-coo1od sectio? SSlrt^SsJa^ns bith ?Kx- 

Imura heat flux near the throat and the greatest total heat load in 


S3 


Channel Wfdth, in 






CMnnel Width, in. 






TABLE VII j 

i 

SELECTED PARAMETERS CHARACTJ 
REGENERATIVE COOL, 
(Dual Re gen) ' 


Code 

HR 

F 

N 

Pc 

kPa 

Coolant 

*’ln 

kPa 

2-1-4/FO 

2 

44S 

2758 

F 

6205 





0 

6205 

2-l-S/FO 



3447 

F 

6791 





0 

6791 

2-lO-lO/FO 


4448 

6894 

F 

9652 





0 

9652 

4-4-lO/FO 

4 

1779 

6894 

F 

9652 





0 

9652 

5-1-lO/FO 

5 

445 

6894 

F 

9652 





0 

9652 

5-4-lO/FO 


1.V9 

6894 

F- 

9652 





0 

6952 



^wall 

cm 

CR 

'c 

Cp 

Isp 

- 

(n*t.b)* 


“tc 


sec 

2.25 

0.76 


3266 

1.853 

315.5 

2.25 

0.76 

13.10 

3266 

1.853 

315.5 

1.97 

0.76 

_ 

3282 

1.862 

315.7 

1.97 

0.76 

16.75 

3282 

1.862 

315.7 

1.40 

0.0635 

. 

3327 

1.871 

332.9 

1.40 

0.0635 

8.00 

3327 

1.871 

332.9 

1.40 

. 

_ 

3634 

2.109 

323.9 

1.40 

0.0635 

9.32 

3634 

2.109 

323.9 

1.40 

- 

- 

3514 

2.124 

299.6 

1.40 

0.0635 

37.54 

3514 

2.124 

299.6 

1.40 

_ 

_ 

3514 



1.40 

0.0635 

9.40 

3514 

2.127 

305.9 


Channel 


Aspect 

. Dimensions 



Ratio 

Throat 

Barrel 

L' 

d/w»» 

w/d 

w/d 

- 

cm/ Cm 

cm/ cm 

an 


20 

0.0081/0.163 

0.0152/0.163 

8.05 

20 

0.0C79/0.157 

0.0155/0.157 

8.66 

8. 

20. .30. 

0.0201/0.602 

0.0284/0.526 

17.93 

20. 

0.0203/0.406 

0.0229/0.483 

14.55 

20. 

0.0102/0.203 

0.0254/0.485 

6.48 

20. 

0.0229/0.462 

0.0305/0.617 

12.14 


*n - no 22 le 
t - throat 
b - barrel 


**When two numbers are given, the first refers to throat d/«, 
while the second to barrel d/w, 
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PETERS CHARACTERIZING ENGINE- _ 
GENERATIVE COOLING 
(Dual Regen) 


earrel 

w/d 

. cn/cm 

L’ 

on 

cm 

•■ch 

cm 

"A 

.'.P 

liPa 

T^.m 

_^52/0.163 

8.05 

0.526 

0.526 

1.905 

1.905 

14.04 

6.00 

603 

289 

94.5 

SB/0.157 

8.66 

0.470 

0.470 

1.923 

1.923 

17.74 

6.00 

673 

289 

94.5 

84/0.526 

17.9? 

1.046 

1.046 

2.961 

2.961 

41.63 

6.00 

710 

1358 

289 

97.1 

29/0.483 

14.55 

0.625 

0.625 

1.905 

1.905 

6.00 

1302 

97.1 

54/0.485 

6.48 

0.310 

0.310 

1.905 

1.905 

6.00 

1730 

97.1 

■05/0.617 

12.14 

0.622 

1.905 

6.00 

1702 

97.1 


St Units 


Tjj.out 

°K 

— 

°K 

h<|, max 
kw/m2 «K 
sec °F 

0 , max 
kw/m^ 
sec 

Q.. MX 
kw/m^ 
sec 

No. of 
Channels 

Liner 

t/k 

2 

In. seC^F/Btu 

307 

273 

X 10"^ 





396 

558 

6207 

15705 

2173 

113 

- 

311 

273 






397 

558 

7383 

18646 

2533 

108 

. 

356 

322 

2539 

6292 

5377 

83 


373 

532 

18032 

48307 

4903 

84 

- 

240 

399 

12619 

39465 

5622 

52 

600 

195 

354 

11884 

35625 

8710 

32 

600 

257 

416 

13737 

40822 

5050 

50 

- 
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the barrel. An energy balance was suff4c1ent to determine the RP-1 dlscharoe 
temperature. " 

^ The results of the dual -regen analyses are Included In 
Figures 9 through 20. Typical results are displayed for Case Code 2-lO-lO/FO 
[MR - 2, F » 4448N (1000 IbF), Pc - 6894 kPa (1000 psla)]. If the data from 
the s 1 ngl e-regen oxygen cooling are compared with the oxygen portion of the 
dual -regen system, the following results are obtained. With the dual- 
coollng, the oxygen HP (Figure 9) Is decreased from 1595 to 1358 kPa (231.3 
L l^^sure 15) Is significantly Increased from 12.32 to 17.98 
cm (4.85 to 7.08 In.); as a result of the Increased L' which can be cooled. 

tTigure 17) Is increased from 333 to 373“K (140.2 to 
® channel width (Figure 18) Is. Increased from 0.0185 to 

0.0201 cm (0.0073 to 0.0079 In.). In addition, the temperature of the RP-1 

to the injector Is Increased from 289 to 356*K (60 to 180*F). Improving 
atomization and vaporization. These results should be reflected In an 
Increased Isp and In decreased pump power requirements. 

5. Thermal Conclusions for LOX/RP -1 Cooling 

^ ^ ^ ^ The primary conclusion to be drawn from this analytical 

study is that the narrow, high aspect ratio Zr-Cu cooling channels have far 
more favorable cooling capabilities than those achievable with current con- 
ventional channel designs for engines of relatively low thrust and chamber 
pressure. At thrust levels between 445 and 4448N (100- and 1000 IbF), chamber 
pressures fr^ 689 to 6894 kPa (100 to 1000 psla), and mixture ratios from 1 
through 5, the fuel RP-1 has been demonstrated to have some cooling capabil- 
1ly (though limited) on the F-Pc-MR operating map. In contrast, use of 
® coolant provides a much broader range of parameters. For the 
LOX/RP-i propellant combination, regenerative cooling (RP-1, LO? or RP-1 
and LO 2 ) has been shown to be adequate at pressures below 3447 kPa (500 
?Ron liners become necessary In some F-Pc-HR ranges above 3447 kPa 

n thrust. For the remaining regions on the lower-thrust 

Pc-MR maps, cooling augmentation such as film cooling is needed. 

^ * matrices for the three thrust levels studied 

are given in Figures 25. 26. and 27. The design points are coded to Indicate 
results, and boundary lines have been sketched to show the approximate extent 
of cooling concept applicability. Regions are defined by the design point 

COGcS • 


» on , 4 Figure 25 at F « 4448N (1000 IbF) for slngle- 

repn RP-l Indicate a low MR region where regen cooling Is practical. An 

possible at reduced L' values. Since 

the L reduction Is a result of the fuel cooling becoming bulk-temperature- 


59 







f • 1779N (400 IbF) 



SR RP-1 


DR RP-1, 02 


SR Single-Regen 
OR Dual-Regen 
# Meets Themwl Criteria 
0 Reduced L' Required 
O Falls Thermal Criteria 
P Thermal Liner Employed 
X Design Calculation Not Achievable 


Mixture Ratio, 0/F 


Figure 26. LO 2 /RP-I Regenerative Cooling Analysis Matrix 
F - 1779N (400 IbF) 





Chamber pressure, psia 


F • 445N {100 IbF) 







Ill, B, Thermal Design (cent.) 


limited, a thermal liner In the barrel can be used to lengthen L' for a part 
of this region. However, a zero or negative cylindrical section length was 
determined for some points, obviating any liner usage. 

Oxygen as a si ngl e-regen coolant can be satisfactorily used 
over the entire Pc-MR map at F« 4448N (1000 IbF). Dual.-regen cooling is 
applicable to reduce oxygen pressure drop and to raise the RP-1 temperature 
to the Injector. 


At 1779N (400 IbF), the s1ngle-r.egen RP-1 results, shown In 
Figure 26, are similar to those of Figure 25 for F = 4448N (1000 IbF). Oxy- 
gen si ngl e-regen cooling Is adequate at all MR's at Pc's of 400 and below “ 
but Is marginal at 6894 kPa (1000 psia) at MR » 5 and Inadequate at 6894 kPa 
(1000 psia) at MR * 4. However, dual-regen cooling achieves cooling feas1-_ 
blllty for these points. r',1lng capability could not be demonstrated at 
lower MR's at high Pc's. 


, ^ The trends Initiated In Figure 26 at 1779N (400 IbF) are 

Intensified ..t F = 4448N (100 IbF), as shown In Figure 27. The feasible 
single-regen RP-1 region Is somewhat smaller, as Is the single-regen oxygen 
cooling region. As before, the use of dual-regen cooling Increases the Pc 
level for which cooling can be achieved. 


* Design calculations at the points Indicated by an "X" were 

not achievable due to numerical problems where very large pressure or temp- 
erature gradients were computed or where channel widths below 0.005 cm (0.002 
In.) were required. For these points, calculatlonal failure Is equivalent to 
concept failure as no design feasibility exists. 


shown 
conc-^ 
ovc 
a lii.i 


In summation, the net results of the Task III study are 
In Figure 28 which provides F-Pc-MR operating maps delineating cooling 
.'t areas. Some form of regenerative cooling Is shown to be applicable 
ost of the study range; however, cooling augmentation is required over 
.ted region. ^ 


6 . 


Additional Remarks Pertaining to Chambe r Gas-Side Wall 
ihickness and Channel Geometry at Low IhrusY 


The preliminary Task III studies had shown a significant 
improvement In heat-flux transformation at low Pc's with Increasing wall 
thickness. These analyses considered a gas-side wall thickness of 0.76 cm 
0.3 In.) at Pc's through 2758 kPa (400 psia). At the higher gas-sid^flux 
levels associated with high Pc operation, the wall thickness was generally 
reduced to as low as 0.064 cm (0.025 In.) for these smaller engines. 
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(^L' ? L* «in. 

Ql' < L- Hin. 

SR-= Single Prop. Reg^n 
OR = Dual Prop. Regen 


ure Ratio Operating Limits for 
s for i.Og/RP-l Engines 
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The effect of Increasing wall thickness Is Illustrated In Figure 29. Figure 
30 (for the throat of an LOg/RP-l thruster operating at a mixture ratio of 
2.0) shows the wall thickness required to maintain a 222®K (400‘*F) tempera- 
ture differential across the wall us a function of Pc while maintaining a 
maximum surface temperature of Bll^K (lOOO'F). Curves are given for various 
thrust levels. For practical considerations, these curves cannot be used 
directly, but they do provide rough guidelines for estimating wall thick- 
nesses required for this study. 

In general, a channel aspect ratio (depth/wldth) of 8;1 was 
utilized at the lower Pc's where flux levels were lower and transformation 
requirements were less, thus reducing the demand on fabrication technology. 

At the higher Pc values and where pressure drops were unacceptable, an aspect 
ratlaof 20:1 was normally considered. The criteria used to select the mini- 
mum land size of 0.064 cm (0.025 In.) are shown In Figure 31. 

C._ PERFORMANCE SENSITIVITY 

A parametric performance analysis was conducted to determine the 
delivered performance of engines using oxidizer, fuel, and oxidizer + fuel 
(dual -propellant) regenerative cooling. 

The parametric operating points investigated are as follows: 

Thrust (F), N (IbF) 445.1779,4448 

(100, 400, 1000) 

Chamber Pressure (Pc), kPa (psla) 689,2758,6894 

(100, 400, 1000) 

Mixture Ratio (MR) 1, 2, 3, 4, 5 

The propellants were LOX/RP-1, and the area expansion ratio was- fixed at 
400:1 for all cases. Attainable combustion chamber lengths (L’), based on 
cooling limits, propellant temperatures, and contraction ratios (cr), were 
predetermined from thermal analyses. The chamber length and contraction 
ratio data and the results of the parametric performance. analyses are listed 
In Table VIII. Figures 32 to 40 are cross-plots showing the Influence of 
mixture ratio, thrust, and chamber pressure on predicted Isp. The peak per- 
formance and cooling schemes for various F/Pc corob1nat:.ns are Identified in 
Table IX. The data contained In Figures 32, 33, and 34 i.how the delivered 
specific impulse as a function of mixture ratio cooling scheme and chamber 
pressure for thrust levels of 445, 1779, 4448N ilOO, 400, and lOOO IbF), 
respectively. These data show the following: 

® With LOX/RP-1, performance of all cooling concepts decreases 
rapidly below a mixture ratio of 2.C. 
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Figure 29. Design Requi reiTients for Low-Thrust, High-Pc Regeneratively 


Zr-Cu 
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Figure 35. Delivered Performance Versus Thrust for 
^9 kPa (400 psia) Chamber Pressure 



2758 kPa (400 psia) Chamber Pressure 




6894 kPa (1000 psia 



3as .0383An3a, 


Figure 37. Delivered Performance Versus Thrust for 
6894 kPa (1000 psia) Chamber Pressure 
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1779 fi (400 lb Thrust) 
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TABLE IX 


MAX. PERFORMANCE SIN6LE-REGEN COOLING 


4448 (1000) 

MR = 3.0 
Fuel Re gen 
Isp = 337 

MR = 3.0 
Ox Regen 
Isp “ 354 

MR = 3.5 
Ox Regen 
Isp * ** = 351 

1779 (400) 

MR « 2.0 
Fuel.. Regen 
Isp = 330 

MR = 3.0 
Ox Regen 
Isp = 346 

MR = 1 .0 
Fuel Regen 
Isp = 260* 

445 (100) 

MR = 2.0 
Ox Regen 
Isp = 315. 

MR = 3.0 
Ox Regen 
Isp = 330 


^ MR 5. 1.0 * 
Fuel Regen 
Isp = 259 


689 (100) 

2758 (400) 


6894 (1000) 


Chamber Pressure, kPa (psia) 


*Only MR considered where cooling solution was found 

**Pc at max Isp = 4653 kPa (675 psia), Isp = 336, MR = 3.0 
with Ox-regen cooling 
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Ill, C, Performance Sensitivity (cont,) 


Performance also decreases at mixture ratios greater than 
?F/Pc)^case 4448N/6894 kPa (1000 IbF/iOOO psia) 

Fuel -regenerative cooling Is only attractive from a oerform- 

chamber pressure 689 kPa (100 usial 
and mid CJ779N (400 IbF)] to high [4448N (1000 IbF)] thrust 
with attainable peak Isp values of 330-340 seconds 
At other, conditions, the chamber L' that Is dictated bv 

efficiency?'*'''*™"** '* *°° **'‘’'’* '"“soneble combustion 

cooled engines con be designed for 

mUmsS fi;?? 5"'’ * conge from 

ifpA ?inn ajn chamber pressures from 689-2758 

tSl3M°seMndr^^ ’ attainable peak Isp values of 315 

(1000 psia)] chamber pressure operation Is 
possible with oxidizer or dual -regenerative coolino hut 
only at higher thrust levels (%4448N/1000 ibFL The attain 
able Isp for this case Is 360 seconds. attaln- 

In performance are attainable throuoh 
i?oSntI J!1 "»« »c '"See eff???Snt 

Performance Mode 1 


was 


divided 1nto*f?ve major°cdtegor1es^®*lnfM^ mechanisms were 

tion tlnotlcs Of 

m” ctlfSg?"* *""“** b?Sn5o*ry"U:??*L loss 

facilitate Darametri?'"fIlJfu«fr°h*'®'" P'''®v1ously been developed to help 
routine with the appropriate data base!*^"^^"^ mechanism In a sub- 


wos collbroted using doto from th2 m|a?LoRC SfoVlpfet 

Klnrtlcs JrS2?lm''"TDK)?‘’8^fe;on"cr™ o°” «"?e t*5E2ll5ed"L^''‘’'“'™"*'°"“” 
dltlons thot would encomposs those desired for thll SrogJ^? * 


Ill, C, Performance Sensitivity (cont.) 


The kinetic e ficlency was obtained by comparing the one- 
dimensional kinetic specific Impulse (Ispoqk) to the IspODE (nv = 
IspoDK/IsPODE^* two-dimensional efficiency was obtained from charts 
which gave the n2D for optimum Rao nozzles, as described In Reference 5. 

These charts were then tabulated to facilitate their use In the performance 
program. The performance loss due to boundary layer development was obtained 
by Implementing the turbulent boundary layer chart procedures also given In 
Reference 5. These procedures were modified to Incorporate the results of 
the BLIMP analysis performed In Task I. The boundary layer efficiency was 
calculated by assuming an adiabatic wall and propellants at the tank 
enthalpy. Past analyses had shown this approach to be quicker, and to result 
In the same efficiency as the more rigorous method of calculating the 
enthalpy loss to the regen coolant, than finding a new Isponc by using the 
Increased. propellant enthalpy. 

, , The performance model used also Included a subroutine to 

calculate film-cooling efficiency, if required. The film-cooling efficiency 
was calculated by ratloing the mass-weighted performance for the core and 
coolant stream tubes by the perfomance at the Injector mixture ratio. The 
performance mathematical modeling {loss accounting), shown In Figure 41, Is 
consistent with the JANNAF simplified procedures specified In CPIA 246. 

Design and operating guidelines were based on previous task Investigations 
and are shown In Figure 42. 

2 . Attainable Isp for RP-1 Regenera tlvr - Cooling 

Fuel -regenerative cooling can be successfully applied to 
most operating points Involving low chamber pressure and mid to high thrust. 
At low mixture ratio (MR = 1), fuel -regenerative cooling may be used over the 
entire chamber pressure and thrust range: however, the attainable delivered 
s pecific Imp ulse is low (247 to 260 sec). 


When using fuel -regenerative cooling at low chamber pressure 
and mix^re ratios greater than 1, short combustion chamber lengths (L') are 
rccjulred to limit the propel Idnt heot pickup io order to prevent coklno in 
the cooling channels. These short chamber lengths limit performance by 
restricting the time for fuel vaporization, even when consideration Is given 
to the effect of not RP-1 (450"K/350“F) supplied to the injector. The allow- 
able regeneratl vely cooled length, and hence engine L‘, tend to Increase with 
Increasing thrust. As can be seen In Figure 35, this results In Improved 
perfomance higher thrust. At a mixture ratio of 2, Increasing thrust 
from 445 to 4448N (100 to 1000 IbF) Improved performance by 10%; Increasing 
thrust from 445 to 4448M (100 to 1000 IbF) Increased performance 3.5% and 
1.7% at mixture ratios of 3 to 5, respectively. At a mixture ratio of 1. 
fuel -regenerative coolant proved to be the only viable cooling scheme 
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Figure 41, Performance Mathematical Modeling (Loss Accounting) 
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ni, C, Performance Sensitivity (cont.) 


oxidizer<ooled cases. higher-mixture- ratio, 

at mixture ratios of*2^and”above*^does^not^off»^ ^uel -regenerative cooling 
advantage over oxidizer-regenerative cool 1 no and^fs per'formance 

ranges of low chamber pres^re. h qh th?ulJ InH . ^ liable over limited 
conclusion is evident ?no. «. 

JP^ceases in the chamber leng™*for^the same*'totai^?***'i^h^ chamber allows for 

thereby provides some performance ImDrLeSnt^SJ frtl !! 

data-for chambers with and without a thennal )ineJ“rp™es;„terfna"?l X. 

from It for the lowHh?ist Mse tS“!^ss tharo'si'jfhlT'’?!;®'’ P®’’*’'’™*"'* 
Impacts perfonmance less at hiah k 0*3* at high thrust. The liner 

asymptotfc region of TSI ERE5JlJsus"L?‘rS™f““T“? fs in the 

the "knee” of the ERE-versus-L' lj?,e tl Z l. > P««"»trics indicated 
in*), as shown In Figure 43! ^ ^ approximately 10.16 cm (4 

attainable Isp for Oxygen Re generative Cont<nf, 

cooled engines are feas?bl*e^except*in the^hTohest^Pr^ oxidizer regeneratively 
range. Generally, the coollna DronArtiae ^9hest-Pc, low- to mid-thrust 
cooling channels than attainabl? Sith^Jhl «^^®wed longer and larger 

chamber lengths and Increased residence time fnr- r®^olt1ng In longer 
However, the lack of fuel preheSlnrwitJ 

fuel vaporization and reduces the cooling slows the 

to high-thrust operating points the performance. For the low-Pc, mid- 

regenerative cooling was £?thfn ‘irof attained In using oxldlzer- 
Figures 33 and 34).® fuel -regenerative coolln^U 

frOT 445 to 4448N (100 to 1000 IbF A 7 tn Increased 

Indicated for the mId-Pc condition (2758 ^IcPa /Inn E®'T^°'^®"ce Increase Is 
Figure 36. Thi. Increase In per?Sniiance wf ?h *®®" 

to Increases In engine chamber L' The iimfr-aw asing thrust Is again due 

sr?oS?,tJd'rffg^r35:’\i:' 

pc^i'aiRiwrii'oSs pi??,!" 
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TABLE X 


THERMAL LINER INFLUENCE ON PERFORMANCE 



Pc 

kPa (psia) 


Without Liner 

With Liner 


F 

N (IbF) 

MR 

L' 

cm (in.) 

Isp 

p 

cm ‘in.) 

Isp 

445 (100) 

689 (100) 

2.0 

4.06 (1.60) 

303.4 

10.80 (4.25) 

325.2 

1779 (400) 

2758 (400) 

2.0 

6.04 (2.38) 

33L3 

10.80 (4.25) 

342.3 


689 (100) 

2.0 

10.77 (4.24) 

330.1 

14.83 (5.84) 

331.3 



3.0 

7.49 (2.95) 

325.7 

14.83 (5.84) 

333.9 



4.0 

7.44 (2.93) 

315.1 

14.83 (5.84) 

320.4 



5.0 

7.42 (2.92) 

303.5 

14.83 (5.84) 

307.5 

4448 (1000) 

689 (100) 

3.0 

14.30 (5.63) 

337.1 

18.31 (7.21) 

337.5 



4.0 

12.22 (4.81) 

322.3 

18.31 (7.21) 

323.2 



5.0 

11.71 (4.61) 

308.8 

18.31 (7.21) 

309.6 


A Isp 
% 

7.2% 

3.3% 

0.4% 

2.5% 

1.7% 

1.3% 

0 . 1 % 

0.3% 

0.3% 
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2224N (500 IbF), 276 to 5515 kPa (40 to 80 psia), MR 2.0 and 4.0 
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Ill, C, Performance Sensitivity (cont.) 


The wider applicability range of oxidizer as opposed to fuel 
regeneratively cooled engines Is evident In the data presented In Figures 35 
through 40. In general, the performance of an oxidizer regeneratively cooled 
engine tends to Increase with Increasing chamber pressure and thrust level. . 
As shown In Figure 40, an exception to this trend Is at the highest thrust 
level (4448N/1000 IbF) where the peak performance, for some mixture ratios. 

Is achieved at chamber pressures of 2758-4136 kPa (400-600 psia). This peak 
performance for the high-thrust case occurs at less than the maximum chamber 
pressure due to the mixing and vaporization Influences on the energy release 
efficiency which evolve from the element densl^ and contraction ratio design 
criteria selected. — 

As Pc Increases, the throat area decreases and, since a 
constant contraction ratio (8.0) 1s used, chamber diameter and the number of 
Injector elements also decrease. The chamber diameter ranges from 17.8 cm (7 
In.) at Pc = 689 kPa (100 psia) to 5.08 cm (2 In.) at Pc = 6894 kPa (1000 
psia). At these small chamber diameters, fringe effects with their detri- 
mental Influence on mixing efficiency becane more predominant. Thus, the ERE 
decreases, resulting In lower performance at high Pc. This trend Is also 
evident In the data of Figure 34. In future analyses, an alternate approach 
could be to Increase-contraction ratio with chamber pressure. 

4. Attainable Isp for Dual -Propel 1 ant Regenerative Cooling 

At several operating points, regenerative cooling with a 
single coolant (either oxidizer or fuel) was not practical, or the allowable 
chamber L' was too short. To operate efficiently at these conditions, both 
propellaits (dual -regenerative cooling) are needed to cool the engine. Per- 
formance was predicted for the three dual -regenerative cases given In Table 
VIII. As can be*seen, dual -regenerative as opposed to oxidizer- regenerative 
cooling Increases performance by 2% for the low-thrust, mId-Pc case and by 31 
for the high-thrust, hIgh-Pc case. These increases in performance result 
from increases In allowable engine L' and fuel Injection temperature; both 
effects Increase fuel vaporization efficiency. 

. . ^ The above results indicate that performance will benefit 

from heating the fuel when oxidizer-regenerative cooling Is used. Additional 
studies were performed to determine how much the performance could be 
improved by heating the fuel for selected maximally -performing oxidizer- 
regenerative cases. Table XI lists the results of this analyses. For the 
low-thrust cases, performance Improved 5 to 6%, depending on mixture ratio, 
over the oxidizer-only cooling cases. At high thrust, the performance 
Improved 1% to 2%. 
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TABLE XI 


PERFORMANCE COMPARISON BETWEEN OXYGEN- 
REGENERATIVE AND DUAL-REGENERATIVE COOLING 


N 

(l^bF) 

Pc 

kPa (psia) 

MR 

Isp 

Ox Regen 

Isp 

Dual Regen* 

Aisp 

% 

445 

'(100) 

2758 (400) 

2 

311.2 

-326.9 

5% 




3 

329.5 - 

344.8 

5% 




4 

316.9 

336.0 

6% 

.1779 

(400) 

2758 (400) 

2 

338.9 

344.2 

2% 




3 

345.8 

355.6 

3% 




4 

333.1 

344.8 

A% 

4448 

(1000) 

2758 (400) 

2 

345.2 

347.0 

n 




3 - 

353.8 

360.5 

2% 




4 

340.4 

347.4 

2% 




5 

325.4 - 

331.4 

2% 

4448 

(1000)6894 (.1000) 

2 

334.8 

340.9 

2% 




3 

348.9 

354.8 

2% 




4 

347.5 

352.6 

n 




5 

330.1 

334.7 

IX 


♦Assumed Fuel Temperature Equaled 422** K (300^F) 
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Ill, C, Performance Sensitivity (cent.) 


For these cases, the fuel temperature was assumed to be 
422“K (300*F). Heat required to raise the fuel temperature was assumed to be 
obtainable by running the fuel through the nozzle skirt which would ordinar- 
ily be radiation-cooled. Further analyses need to be done on the thermal 
feasibility of this approach and on the weight penalties which may be 
Incurred, 


5. Performance Summary for LOX/RP-1 

Significant performance advantages have been Identified as 
being attainable when oxygen regenerative cooling Is considered. The oxygen 
cooling eliminates the need for extensive fuel film-cooling and the associ- 
ated loss In performance Identified In previous studies. In past cases, the 
film-cooling requirements were dictated by the cold [561®K (550"F)J chamber 
walls needed to prevent coking. 

Further Improvements In attainable Isp (up to 5%) have been 
Identified for the dual -regenerative cooling concept over oxidizer-only 
cooling. 


The above conclusions are unique to low-thrust, high- 
pressure engines. The results are heavily Influenced by the design criteria 
selected for chamber contraction ratio, element size, and density. 


to 30), and 
efficiency, 
dent, make 


The resulting unusually large contraction ratios (cr ■ 8 
the known but not fully predictable Interaction of on mixing 
gas-side soot deposition, and the gas-side heat transfer coeffl- 
experlmental verification of these 


IV. RESULTS OF PARAMETRIC STUDIES FOR LOX/HYDROGEN 


A. SUMMARY 

This section documents the LOX/hydrogen portion of the Task IV 
analyses to determine the extent of applicability of regenerative cooling for 
LOo/LHg engines at thrust levels ranging from 445 to 4448N (100 to 1000 
IbP), chamber pressures from 689 to 6894 kPa (100 to 1000 psia). and mixture 
ratios from 2 to 8. The primary effort considered NBP propellants. A lim- 
ited evaluation was also made of the effect of added enthalpy from a source 
externa, to the engine system for LO 2 /LH 2 . 

Delivered specific Impulse values were computed for e ■ 400:1 
using simplified JANNAF techlques and Included the effects on energy release 
efficiency of propellant vaporization and mixing defined In Appendix A. All 
performance values were based upon specific engine designs and configurations 
which were found to be viable on the basis of. the above.Jthermal analyses. 

As In Task III, either single-propellant or dual -propellant 
cooling could be utilized, and channel fabrication technology was not limited 
by current capabilities. 

The study results of the LO 2 /LH 2 propellant system show that 
hydrogen cooling Is feasible over the complete thrust/chamber pressure region 
of Interest. For the most part, channel design parameters require only 
modest advancements In fabrication technology. 

Enthalpy addition of the LO 2 /LH 2 results in an additional but 
manageable thermal load to the hydrogen regenerative coolant. The additional 
energy results in a need for narrower cooling channels but Improves the spe- 
cific impulse up to 2.3% at an MR of 8 and 16.5% at an MR of 2. 

B. THERMAL DESIGN 

1. Scope and Analytical Basis 

The analytical design methodology employed .in Task III for 
the LO 2 /RR-I system (documented in Appendix A) was utilized In continuing 
the design studies for LO 2 /LH 2 . 

The study envelope for the LO 9 /LH 2 analyses was as 

follows: 

Engine Thrust, F - 445N (100 IbF) < F < 4448M 

(1000 IbF) " “ 
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IV, B, Thermal Design (cent.) 


Chamber Pressure, Pc 


689 kPa (100 psia) < Pc < 6894 kPa 
(100(1 p si a) ” ~ 


Mixture Ratio, 0/F 
Chamber Material 


4 < MR < 8 NBP Propellants 
2 £ MR £ 8 Heated Propellants. 

Zlrconlum^Copper Alloy 


except tor deslpn guidelines specific to h.d°n y“ 


Coolant Pressure Drop 


L02 and LH2 < 1724 kPa (250 psia) 

* Maximum Bulk Temperature 
LO2 T5 < 394“K (250"F) 

LH2 None directly (outlet temperature limited only 


® Maximum Gas -Side Wall Temperature 
LO2 and LH2 Ty^g < 811®K (1000*F) 
Maximum Coolant-Side Wall Temperature 

LO2 T„ Ajc 589®K (GOO^F) 

CH2 None directly 


2* Analysis Methodology 

th.t cooling with Mr?gel;“0 bl“fe‘«thTJ;j?'?lle eitlJe’ 
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IV. B, Thermal Design (cont.) 


pre-assessmenrof. cooTliSg^Mpabl l?tlM necessary. This 

performance of the thermal an^ysls: ^ ^ following logic for the 

thrust [445, 1779®‘and^4448N^flo8 ^400^1d^lOOoNhn 1 

ture ratios (4, 6, and 8.) and each of each of three mtx- 

6894 kRa (100, 400, and 1000 olian ^ pressures [689, 2758. and 

"single-regen" cooling wlThydroaerLal^thP performed for 

to be regenera tively cooled from the point at wh?Jh*;, assumed 

extension can be attached (or from an^area « radiation-cooled nozzle 

ratio Is less than 6:1) to the Injector lS a attach point 

uratlon. injector in a single-pass counterflow conflg- 

feaslble regenerative coolant^at^anv^nlc?^*^ could not be demonstrated as a 
oxygen as the coolant would be perfJrmef 

using both propellants as coolants in cooling, defined as 

C00l?ng with .'‘single P?op'elll;t"‘pVj;eri:'^^ ”^11^?.;“"’““ 


3. 


Hydrogen Re generative Cooling Results 


over the complete'^F-P^rangro^lStere^^ thu<;^^°”” ® feasible coolant 

were performed. Selected inpSt data and’caf^Siatpw"^!^^?* cooling 

hydrogen are given In Table XII iTaMo results for cooling with 

»1.) significant results ^e dl'sp Ijed lnTin^’*^"! 

be completely feasible In prit stJd es (R^f had been found to 

technology. For example, in Figure 44 thr+ufi i existing 

have low ZiP values anS utilize standard oP^fating pressures 

represents u assign oolnt which h;«e sizes. The highest £p 

contraction ratio^and smaner^Jhanneuf Possible by the use of a larger 

a. Coolant Pressure Drop 

slngle-regsn coolant ar“lJo"2n'‘lS"??I,Eiri5''!.‘'''‘’'’! IVdrogen as a 

mixture ratio for thrusts of 4448 1774 «Jd ** ‘ function of 

respectively. Pressu“rdrop Is L I™. 10“ ’1>F). 

thrust, and Is relatively iSsensltlCn tr.JJ ‘5® ^Sliest pressure and low 
mixture ratio of 6; however, all vilues c^c!!?aied a?e'"««p“?aMe?‘‘‘'''''‘ " 



TABLE XII 


SELECTED PARAMETERS CHARACTERIZING ENi 
COOLING WITH NBP HYDROGEN WITH LOg/J 

(Single Regen) 


Code 

HR 

F 

H 

Pc 

kPa 

Coolant 

Pin 

kPa 

P,„/Pc 

^wall 

cm 

CR 


Isp** 

sec 

d/w» 

L' 

cm 

’'t 

cm 

•■ch 

cm 

'A 

aP 

kPa 

^b. In 
*K 

4-M/F 

4 

445 

689 

F 

2068 

3.000 

0.76 

8.00 

1.8223 

440.7 

4.2 

17.98 

1.062 

3.002 

6.00 

0.69 

22.3 

4-1-4/F 



2758 

F 

3894 

1.412 

0.076 

12.90 

1.8268 

444.3 

6.3 

13.08 

0.531 

1.905 

18.26 

27.6 

23.3 

4-1-JO/F 



6894 

F 

9479 

1.375 

0.0635 

33.28 

1.8673 

455,2 

4 

10.59 

0.332 

1.912 

45.99 

58.6 

28.6 

4-4-4/F 


1779 

2758 

F. 

3894 

1.412 

0.76 

8.00 

1.8536 

450.8 

4 

17.98 

1.052 

2.977 

11.32 

7.58 

23.3 

4-4-lO/F 



6894 

F 

9479 

1.375 

0.0635 

8.32 

.,8792 

458.1 

4 

14.55 

0.660 

1.908 

33.50 

45.5 

28.6 

4-10-10/F 


4448 

6894 

F 

9479 

1.375 

0.0635 

8.00 

1.8813 

458.6 

4 

17.98 

1.044 

2.954 

46.86 

68.9 

28.6 

6-1-1/F 

6 

445 

689 

F 

2068 

3.000 

0.76 

8.0 

1.9494 

439.4 

4,2 

17.98 

1.026 

2.903 

6.00 

2.07 

22.3 

6-1-4/F 



2758 

F 

3894 

1.412 

0.76 

14.06 

1.9504 

446.4 

6 

13.08 

0.513 

1.923 

26.30 

8.27 

23.3 

6-1-4/F 



2758 

F 

3894 

1.412 

0.76 

14.06 

1.9504 

446.4 

4 

13.08 

0.513 

1.923 

26.30 

14.5 

23.3 

6-1-10/F 



6894 

F 

9479 

1.375 

0.0635 

35.15 

1.9891 

459. 1 

4 

10.59 

0.322 

1.905 

65.42 

173.7 

28.6 

6-4-4/F 


1779 

2758 

F 

3894 

1.412 

0.76 

8.00 

1.9783 

452.8 

4 

17.78 

1.019 

2.883 

16.72 

8.27 

23.3 

6-4-10/F 



6894 

F 

9479 

1.375 

0.0635 

9.00 

2.0012 

461.9 

4 

14.55 

0.640 

1.923 

45.43 

90.3 

28.6 

6-10-10/F 


4448 

6894 

F 

9479 

1.375 

0.0635 

8.00 

2.0034 

462.4 

4 

17. 7‘; 

1.013 

2.863 

59.80 

72.4 

28.6 

8-1-1/F 

8 

445 

689 

F 

2068 

3.000 

0,76 

8.00 

1.9936 

416.2 

4 

17.78 

1.016 

2.870 

6.00 

0 

22.3 

8-1 -4/F 



2758 

F 

3894 

1.412 

0.76 

14.20 

2.0085 

427.0 

4 

13.08 

0.505 

1.905 

23.97 

8.96 

23.3 

8-1-10/F 



6894 

F 

9479 

1.375 

0.0635 

36.51 

2.0663 

443.9 

4 

10.59 

0.315 

1.905 

61.68 

159.9 

28.6 

8-4-4/r 


1779 

2758 

F 

3894 

1.412 

0.76 

8.00 

2.0377 

433.2 

4 

17.78 

1.003 

2.840 

15.28 

5.51 

23.3 

8-4-10/F 



6894 

F 

3894 

1.375 

0.0635 

9.00 

2,0784 

446.5 

4 

14.55 

0,629 

1,887 

42.69 

72.4 

23.6 

8-10-10/F 


4448 

6894 

F 

3894 

1.375 

0.0635 

8.00 

2.0802 

446.9 

4 

17.78 

0.993 

2.809 

54.63 

48.9 

28.6 


*When tMo numbers are given, the first refers to throat AN. while the second refers to barrel d/w 
**£mp1oyed for propellant flowrate determination of throat sizing 
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TABLE XII 


CHARACTERIZING ENGINE REGENERATIVE 


-HYDROGEN WITH LOg/LHg PROPELLANTS 
(Single Regen) 

iP ^b, In ^b.out- 

kP« ‘K *K *K 

**g. max 
kw/m^ 'K 

X 10*^ 

0.69 

22.3 

256 

233 

2924 

2?. 6 

23.3 

287 

263 

8148 

58.6 

28.6 

276 

245 

19,503 

7.58 

23.3 

202 

178 

6854 

45.5 

28.6 

247 

216 

14,884 

68.9 

28.6 

225 

195 

28,004 

2.07 

22.3 

336 

314 

2492 

8.27 

23.: 

402 

379 

8707 

14.5 

23.3 

402 

379 

8707 

173.7 

28.6 

403 

373 

18,061 

8.27 

23.3 

281 

258 

6236 

90.3 

28.6 

345 

315 

12,943 

72.4 

28.6 

310 

280 

20,209 

0 

22.3 

349 

327 

2112 

8.96 

23.3 

426 

404 

7442 

159.9 

28.6 

432 

402 

15,973 

5.51 

23.3 

299 

276 

5413 

72.4 

28.6 

373 

343 

11,413 

48.9 

28.6 

263 

297 

16,444 


Page 1 of 2 
Metric Units 


%, max 
kw/ro^ 

nux 

kw/ra^ 

Aspect 

Ratio 

d/w 

Throat 

t«/d 

cn/cn 

Throat 
*• **/d 
cm/cm 

No. of 
Channels 

5965 

1030 


0.1438/0.575 

0.2654/0.737 

55 

20,362 

4559 


0.0439/0.264 

0.0493/0.295 

75 

41,819 

19,823 


0.0424/0.169 

0.1562/0.625 

23 

14,446 

5393 


0.0940/0.376 

0.2037/0.815 

72 

32,014 

11,848 


0.0876/0.351. 

0.140/0.559 

30 

59,877 

27,046 


0.1013/0.405 

0.2029/0.798 

42 

6128 

1030 


0.1138/0.455 

0.1140/0.137 

63 

22,437 

4788 


0.0323/0.193 

0.0970/0.582 

84 

22,437 

5867 


0.343/0.137 

0.1013/0.406 

82 

48,470 

26,147 


0.0299/0.120 

0.1016/0.406 

26 

16,064 

4461 


0.762/0.305 

0.1527/0.610 

80 

34,841 

20,052 


0.0688/0.276 

0.1006/0.401 

33 

53,880 

21,212 


0.0889/0.356 

0.1491/0.597 

44 

5180 

850 


0.1163/0.465 

0.2068/0.828 

62 

19,757 

5066 


0.0366/0.1466 

0.0980/0.394 

80 

44,548 

25,265 


0.0284/0.1212 

0.0955/0.381 

26 

14,397 

4151 


0.0813/0.325 

0.1529/0.612 

77 

31,899 

17,421 


0.0660/0.2644 

0.0953/0.381 

34 

45,529 

16,832 


0.0899/0.360 

0.1448/0.579 
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TABLE XII (cont.) 


SELECTED PARAMETERS CHARACTERIZING EN 
COOLING WITH- NBP HYDROGEN WITH 

(Single Regen) 


Code 

MR 

F 

IbF 

Pc 

psia 

Coolant 

.^n 

psia 

Pl„/Pc 

*wall 

In. 

CR 

Cp*» 

Isp** 

sec 

d/w* 

L' 

In. 

"t 

In. 

in* ■ 

c 

A 

AP 

P$1 

^b,in 

*F 

• 

4-1-1/F 

4 

100 

100 

F 

300 

3.000 

0.3 

8.00 

1.8223 

440.7 

4.2 

7.08 

0.418 

1.182 

6.00 

0.1 

-419.8 

-C 

4-1 -4/F 



400 

F 

564.8 

1.412 

0.3 

12.90 

1.8268 

444.3 

6,3 

5.15 

0.209 

0.750 

18.26 

4.0 

-418.0 

5< 

4-1-10/F 



1000 

F 

1375 

1.375 

0.025 

33.28 

1.8673 

455.2 

4 

4.17 

0.131 

0.753 

45.99 

8.5 

-405.6 

3S 

4-4-4/F 


400 

400 

F 

564.8 

1.412 

0.3 

8.00 

1.8536 

450.8 

4 

7.08 

0.414 

1.172 

11.32 

1.1 

-418.0 

-S 

4-4-10/F 



1000 

F 

1375 

1.375 

0.025 

8.32 

1,8792 

458.1 

4 

5.73 

0.260 

0.751 

33.50 

6.6 

-405.6 

-1 

4-10-10/F 


1000 

1000 

F 

1375 

1.375 

0.025 

8.00 

1.8813 

458.6 

4 

7.08 

0.411 

1.163 

46.86 

10.0 

-405.6 

.( 

6-1-1/F 

6 

100 

100 

F 

300 

3.000 

0.3 

8.0 

1.9494 

439.4 

4,2 

7.08 

0.404 

1.143 

6.00 

0.3 

-419.8 

14 

6-1-4/F 



400 

F 

564.8 

1.412 

0.3 

14.06 

1.9504 

446.4 

6 

5.15 

0.202 

0.757 

26.30 

1.2 

-418.0 

2i 

6-1-4/F 



400 

F 

564.8 

1.412 

0.3 

14.06 

1.9504 

446.4 

6 

5.15 

0.202 

0.757 

26.30 

2.1 

-418.0 

2t 

6-1-10/F 



1000 

F 

1375 

1.375 

0.025 

35.15 

1.9891 

459.1 

4 

4.17 

0.127 

0.750 

65.42 

25.2 

-405.6 

2t 

6-4-4/F 


400 

400 

F 

564.8 

1.412 

0.3 

8.00 

1.9783 

452.8 

4 

7.08 

0 401 

1.135 

16.72 

1.2 

-418.0 

4f 

6-4-10/F 



1000 

F 

1375 

1.375 

0.025 

9.00 

2.0012 

461.9 

4 

5.73 

0.252 

0.757 

45.43 

13.1 

-405.6 

U 

6-10-10/F 


1000 

1000 

K 

1375 

1.375 

0.025 

8.00 

2.0034 

462.4 

4 

7.08 

0.399 

1.127 

59.80 

10.5 

-405.6 

9( 

8-1-1/F 

8 

100 

100 

F 

300 

3.000 

0.3 

8.00 

1.9936 

416.2 

4 

7.08 

0.400 

1.130 

6.00 

0.0 

-419.8 

14 

8-1 -4/F 



400 

F 

564.8 

1.412 

0.3 

14.20 

2.0085 

427.0 

4 

5.15 

0.199 

0.750 

23.97 

1.3 

-418.0 

3C 

8-1-10/F 



1000 

F 

1375 

1.375 

0.025 

36.51 

2.0663 

443.9 

4 

4.17 

0.124 

0.750 

61.68 

23.2 

-405.6 

31 

8-4-4/F 


400 

400 

F 

564.8 

1.412 

0.3 

8.00 

2.0377 

433.2 

4 

7.08 

0.395 

1.118 

15.28 

0.8 

-418.0 

7t 

8-4-10/F 



1000 

F 

1375 

1.375 

0.025 

9.00 

2.0784 

446.5 

4 

5.73 

.248 

0.743 

42.69 

10.5 

-405.6 

2] 

8-10-10/F 


1000 

1000 

F 

1375 

1.375 

0.025 

8.00 

2.0802 

446.9 

4 

7.08 

0.391 

1.106 

54.63 

7.1 

-405.6 

12 


*when two nunbers are given, the first refers to throat d/w, while the second refers to barrel d/w 
**Eni(>1oyed for propellant flowrate determination and throat sizing 
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i ^BLE XII (cont.) 


:::haracterizin6 engine regenerative 

^DROGEN WITH LO 2 /LH 2 PROPELLANTS 
Single Regen) 


Page 2 of 2 
English Units 


^g.iNx 


aP 

^b.in 

^b.out 


Btu/ln.^-sec-'F 

*^9,max 

J>»1 

“F 

®F 

”F 

X 10'^ 

BtuZJn.^-see 

0.1 

-419,8 

1 

0 

419.7 

0.994 

3.65 

4.0 

-418.0. 

56.2 

474.2 

2.77 

12.46 

8.5 

-405.6 

35.9 

441.5 

6.63 

25.59 

1.1 

-418.0 

-96.9 

321.1 

2.33 

8.84 

6.6 

-405.6 

•16.3 

389.3 

5.06 

19.59 

10.0 

-405.6 

•55.3 

350.3 

9.52 

36.64 

0.3 

-419.8 

145.1 

564.9 

0.847 

3.75 

1.2 

-418.0 

263.8 

681.8 

2.96 

13.73 

2.1 

-418.0 

263.8 

681.8 

2.96 

13.73 

25.2 

-405.6 

266.1 

671.1 

6.14 

29.66 

1.2 

-418.0 

46.5 

464.5 

2.12 

9.83 

13.1 

-405.6 

161.7 

567.3 

4.40 

21.32 

10.5 

-405.6 

98.2 

503.8 

6.87 

32.97 

0.0 

-419.8 

109.0 

588.8 

0.718 

3.17 

1.3 

-418.0 

306.0 

727.0 

2.53 

12.09 

23.2 

-405.6 

318.0 

723.6 

5.43 

27.26 

0.8 

-418.0 

78.1 

496.1 

1.84 

8.81 

10.5 

-405.6 

211.3 

616.9 

3.88 

19.52 

7.1 

-405.6 

129.8 

535.4 

5.59 

27.86 


^CtRiax 

8tu/1n.^-sec 

Aspect 

Ratio 

d/w 

Throat 

w/d 

in. /In. 

Throat 

w/d 

in. /in. 

No. of 
Channels 

0.63 


0.0566/0.2263 

0.1045/0.290. 

55 

2.79 


0.0173/0.1040 

0.0194/0.116 

75 

12.13 


0.0167/0.0667 

0.0615/0.246 

23 

3.03 


0.0370/0.1482 

0.0802/0.321 

72 

7.25 


0.0345/0.1380 

0.0550/0.220 

30 

16.55 


0.0399/0.1595 

0.0799/0.314 

42 

0.63 


0.0448/0.1792 

0.0449/0.054 

63 

2.93 


0.0127/0.0761 

0.0382/0.229 

84 

3.59 


0.0135/0.0540 

0.0399/0.160 

82 

16.00 


0.0118/0.0473 

0.0400/0.160 

26 

2.73 


- 0.0300/0.1201 

0.0601/0.240 

80 

12.27 


0.0271/0.1086 

0.0396/0.158 

33 

12.98 


0.0350/0.1401 

0.0587/0.235 

44 

0.52 


0.0458/0.1831 

-0.0814/0.326 

62 

3.10 


0.0144/0.0577 

0.0386/0.155 

80 

15.46 


0.0112/0.0477 

0.0376/0.150 

26 

2.54 


0.0320/0.1279 

0.0602/0.241 

77 

10.66 


0.0260/0.1041 

0.0375/0.150 

34 

10.30 


0.0354/0.1417 

0.0570/0.228 

43 
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IV, B, Thermal Design (cent,) 


The data shown 1n Figure 46 Illustrate the sensitivity 
to channel aspect ratio (d/w) options for Pc = 2758 kPa (400 psia). 
Although the channel surface area (at the throat) Increases by 311 if the 
aspect ratio Is Increased from 4.:1 to 6:1, the total, channel pressure drop 
decreases by 431, largely as a result of lower coolant velocity 27.7 vs 36.1 
m/s (90.8 vs 118.3 ft/sec) recjulred at the higher aspect ratio. Since the 
coolant pressure drop, was very small, no further attempts were made to mini- 
ml2e pressure less. However, the trend Is applicable to high-pressure 
systems where pressure drop becomes a limiting parameter. 

b. Coolant Outlet Temperature 

The temperature of the hydrogen discharged from the 
cooling jacket Is displayed In Figures 47 through 49. This parameter Is 
significant In that the energy level of the hydrogen Is critical to those 
engine cycles using heated hydrogen as a turbine drive fluid. In this 
respect, the lower-thrust engines provide a higher outlet temperature fluid. 
In all cases, discharge temperature Increased with chamber pressure.. Since 
pressure drop is not limiting, the coolant temperature could be Increased by 
adding chamber length to ensure a power-balanced expander engine cycle. 

c . Chamber L ' 


, Chamber L' requirements to meet minimum performance 
criteria are shown in Figures 50 through 52 for the three thrust- levels 
studied. The required L’ values decrease with Increasing Pc and decreasing 
thrust and show no sensitivity to mixture ratio. The chambers are relatively 
long compared to those of the LOo/RP-l combination. Since bulk tempera- 
tures do not constrain L', even Tonger L* values m^^y be advantageous to pro- 
vide higher performance and higher temperature hydrogen as a turbine drive 
fluid. Detailed cooling analyses were not repeated where previous studies 
had already demonstrated cooling feasibility; Instead, emphasis was placed on 
the high-pressure, low-thrust operating range where previous studies had 
failed to provide design solutions. 

d. Channel Width 


... c ^ results of earlier analyses, reported in References 

I through 3, showed that cooling with hydrogen was limited when convention- 

! channels (mtnlmuin 

width of 0.083 cm [0.033 in.]) were specified. Only the followine design 
points showed cooling feasibility: (1) F ■ 4448N (1000 IbFl at Pr'« nf fiflo 

"S'inS"" '‘E? '‘"O' looo’psi.) at Pc'l of 689’aSd 2768 kP.®(l6o 

and 400 psia). Figures 53 through 55 show that minimum channel width 
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the conclusions reached in 


iSSliiS’ "“in 

Mi^a^haanel widths at a mlitara ratli of 6"fl; tte'sSjy^anJa”?'""" 


4. Effect of Added Enthalp y 


S:1t':a^'«s£'';gareT 

energjJ was added to both hydJoglJI Tnd oxygen ^to^fr«r" ^hat- 

ture(s) to 922“K (1200V) afte? thrSyd^aeS sSdS IS tempera- 

energy levels had cooled the chamber regenerativll I ^ Tha^S engine at NBP 
= 1779N (400 IbF) and Pc = 2758 kp! Unn F 

?2?if i:; cSL\d"ml< :n:?;. 


XIII and XIV. External *heati no P'*®sented in Tables 

increase in the combustiSS tempeSltJJS ^3eSt?So"SI“!? <^22V) 

tional 83V (148V) to the comKfSr ^<a Heating of the oxygen adds an addi- 

^'ia rs 

in a greater therS load^t^the^Segenerni v^cDSfaSr^ gases results 
Pressure drop, though nealioibio coolant, as shown in Table XLV. 

rise of the hydrogen. The flux temperature 

Widths requirT?2S"^ropeS ciSlilrdLMa^'!"^"* 


5. 


plete thrust and 
not required. 


Thermal Conclusio ns for Hydrogen Cooling 

The following conclusions cnn be drawn from this analysis; 

ill ^“Tdrogen-regeneratlve cooling Is feasible for the rnm 
chamber pressure region of Interest. 0xl5l«? coSifSg if 


101 


Minimum Channel Width, in. 




Chamber Pressure, Pc, psia 


MINIMUM CHANNEL SIZE FOR O./H, @ MR - 6 


Non-Too] Contact 
Machining Process 
to be Demonstrated 


Modest Advance In 
Tool Design & Methods 


cm 0.051 cm 

(0.010 in.) - “ ^(0.020 in. 


> u . 0.076 
(0.020 - “ ^(0.030) 


Demonstrated Channel 
Fabrication by 
Conventional Machining 


. 0.076 
(0.030} 


W = Minimum Channel Width 


Thrust, F, IbF 

Figure 67. Ranges 1n Mfiifiejm channel Si-e » - . c ’ 
Chamber Pressure and Thrus?!‘Oj/5 at Sr 






TABLE XIII 


EFFECT OF ENTHALPY ADDITION TO LOg/LHg PROPELLANTS ON 
ONE-DIMENSIONAL EQUILIBRIUM PARAMETERS 

(Pc « 2758 kPa [400 psia], MR « 4) 


and 0^ 0 NBP H. 0 922. 2*K {1200“F) 

* ^ ^ A A Mftn 


Og0 NBP 


Hj, 0 922.2‘'K {1200«F) 
Og 0 922. 2°K (1200“F) 


T^. "K (<*R) 

2924 (5263) 

3269 (5885) 

3352 (6033) 

H* cal/g (Btu/lbm) 

-291.2 (-524 .Z) 

357 (643.4) 

549 (988.2) 

S 

1.5533 

2.2762 

2.5339 

Isp,.sec 

477-.^ _ 

527.6 

541.6 

[H3* 

0.01649 

0.04417 

0.05403 

[0]* 

0.00011 

0j00102 

0.00160 

[OH]* 

0J00525 

0.01788 

0.02282 


*In Chamber 
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TABLE XIV 


EFFECT OF ENTHALPY ADDITION TO PROPELLANT(S) 
FOR -LOX/HYDROGFN SYSTEM 


PROPEUANTS 

O 2 /H 2 

O 2 /H 2 

O 2 /M 2 

NOHIHAI Pc/F 

400/400 

400/400 

400/400 

CASE No. 

I 

2 

3 


"» 

Hj » 922 ’K (7200 *f) 
Oj 8 MSP 

” 2 ! . 922 •! 

OjJ • (1200 *1 

Thnist, N (IbF) 

177» (400) 

1779 (400) 

1779 (400) 

PCt kP* 

27SB (400) 

2758 (400) 

2758 (400) 

ThroAt-Rodlus, cn On.) 

I.0S2 (0.414) 

1.029 (0.405) 

1.024 (0.403) 

Contrtctlen Sttlo 

B.00 

8.00 

a ftft 

MR 

4 

4 

4 

*ox‘ ‘‘9/**® Cltxn/soe) 

0.323 (0.712) 

0.267 (6.6318) 

0.279 (0.6158) 

.Wfi kg/sec (Ikn/iec) 

0.081 (0.178) 

0.072 (0.1579) 

0.070 (0.1539) 

aPjj. kP* (pti) 

7.58 ( 1 , 1 ) 

17.92 (2.6) 

.9.30 (2.8) 

Pjj- 1 n. ksj (psio). 

3694 (564.8) 

3894 (564.8) 

3894 (564.8) 

Pgj'Oilt, kPi (p«l«) 

3S86 (563.7) 

3876 (562.2) 

3874 (562.0) 

*IC CF) 

23 (-418.0) 

23 (-418.0) 

23 (-418.0) 

T^j-out, *K CF) 

202 (-96.9) 

250 (-9.6) 

264 (14.6) 

Ragtn t 

11.32 

7.28 

8.21 

hj. nu. kii/iii‘ *k (Btu/1n.*-Mc *F) 

6.8S4 (0.00233) 

7.442 (0.00253) 

7.354 (0.00250) 

h^, nax, kw/«^ 'K (Btu/in.^-SUt. *F) 

8.237 (0.00280) 

10.149 (0.00345) 

10.560 (0.00359) 

Q/A^ MX. kw/n^ (Btu/tn.^-scc) 

14447 (6.84) 

16320-01.21) 

18679 (11.43) 

C/A] MX, kw/B^ (Btu/fn.^'lec) 

4952 (3.03) 

5965 (3.65) 

6079 (3.72) 


232.3 (220.3) 

261.9 (248.4) 

269.6 (255.7) 

T^. *k CF) 

2924 (4803.3) 

3275 (5425.3) 

3352 (5573.3) 

Hall Thtckness, cn (In.) 

.762 (0.3) 

.762 (0.3) 

.762 (0.3) 

'^cj-max* t^*/**®J 

24.5 (80.3) 

32.9 (107.8) 

35,1 (US. 3) 

"cjHoax. • 

0.039 

0.051 

0.054 

No. Channalt 

72 

89 

89 

Min, Channal Oapth, cm (In.) 

0.142 (0.056) 

0.124 (0.049) 

0.137 (0.054) 

LtBitIng Criterion 


T 

t 


Wfl 

•9 

'"9 

Cooling Channel Gaonotry 



Otpth/HIOth 9 Max Flux Point, cn (In.) 

0.376/0.094 

0.251/. 064 

0.249/0.061 

Oapth/HIdth B Max Bulk Tenperatura, 

(0.148/0.037) 

(0.099/0.025) 

(0.098/0.024) 

0.815/0.203 

0.610/0.155 

0.582/0.147 

cn (in.) 

(0.321/0.080) 

(0.240/0.061) 

(0.229/0.058) 


LECENO 


"ox 

• 

Total Haight Flow Oxygen 


Liquid-Side Hall Temperature 

•f 

■ 

Total Haight Flow Fuel 

"9 ■ 

Gas-Side Heat Transfer Coefficient 


• 

Coolant Height Flow 

h| . 

Liquid-Side Heat Transfer Coefficient 

“'cj 

■ 

Cooling Jacket Inlet Presture Drop 

0/*, • 

Gas-Side Heat flux 


■ 

Cooling Jacket Inlet Pressure 

0/A, ■ 

Liquid-Side Heat Flux 


• 

Cooling Jacket Tamparature Rise 

% • 

Recovery Temperature 


• 

Coaling Jacket Inlet Tenparature 

''cJ • 

Hailffliis Coolant Jacket Veloelty 

"fee 

■ 

Fuel Flln-Ceollng Haight Flow 

**ej-anx’ 

Haxinvn Coolant Jacket Mach Nuifeer 

^g 

■ 

Oas-Sida Halt Taoparature 
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IV, B, Thermal Oes1gn-(cont. ).. 


(2) Minimum channel widths are within the realm of current 
fabrication technology or require only moderate advances In the state of the 
art.. No channel widths less than 0.025 cm (0.010 In.) were required for NBP 
propellants, as compared to the widths fot-RP-1 and oxygen, which. In some 
cases., were below Q.013 cm (0.005 In.). 

(3) Hydrogen channel aspect ratios of 4:1 gave satisfactory 

results. 

(4) Coolant pressur.e loss was sufficiently low, relative to 

operating pressure, to make the additional pumping power a negligible design 
parameter. ® 


C. PERFORMANCE SENSITIVITY 


Parametric performance analyses were conducted to determine the 
advantages of using LOX/hydrogen propellants Instead of LOX/RP-1. The poten- 
tial for 1mpri)ved performance by adding enthalpy to the propellants from 
free energy sources. (I.e., waste heat or solar -heat) was also Investigated. 

The parametric operating points investigated In theijjerformance 
analyses are as follows: 


Thru;>c, F 

Chamber Pressure, Pc 

Mixture Ratio, 0/F 

NbP 

Heated 

Expansion Ratio 
1. Performance Model 


445, 

1779, 

4448N 

(100, 

400, 

1000 

IbF) 

689, 

2758, 

6894 

kPa 

(100, 

400, 

1000 

psia) 

4. 6, 

8 



2, 4, 

6, 8 



400:1 





j w. j model was calibrated for oxygen-hydrogen 

using like doublet element data from the Extended Temperature Range Thruster 
Program (Ref. 6). The mixing limitations are representative of all oxvaen- 
hydrogen class Injectors, Including those with coaxial elements. 
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^ 1 1 ^ ^ 1 . .. performance computer program was further modified tn 

calculate the change In Isp resulting from enthalpy addition' IncoroorSed 

program was a subroutine containing data tables 
relating the ratio of change In Isp to change In enthalpy as a function of 

mixture ratio, chamber pressure, and expansion ratio. These data tables were 
eStSllpfesT “ “ propellant 


2 . 


Attainable Isp for NBP LOX/Hydropen 


predicted to decrease with Increasing mixture ratio for a constant thwict anw 

F'snre 58. Tha da?f,lre3 er?omS«r 
(455- 468 sec) occurs at a mixture ratio equal to 4, perrormance 

Hdtcinn interesting result which evolved from the selected 

thrusts of both 4448 and 1779N (1000 and 400 
increases between chamber pressures of 689 to 2758 kPa noo 
to 400 PSU) and then decreases between 2758 to 6894 kPa (400 to IMO dM 
This trend may be seen In Figures 58 through 60. At a mixture ra tin J 1 ’ 

Pr-'^27S8‘^kpf approximately 1.3* from Pc = 689 kPa (1000 psiJ) to 

decrease slightly (^r 0.3*) between Pc = 

?^SoS::?ei\“?tr!;>re‘Ss?S8-™?5?Jrf?etl“““j!re‘>ri/^^^^^ 

nSfr?*ln3 2.5* between Pc's of 689 and 2758 ^kPa (100 and 400 

2758 and 689l kPa {4SS anS 


efficiency IFRFI wVJS 4 ° occurs because of a decrease in energy release 

Fr^ P^-^6M kp/ fSn pressure for a constant thrust, 

rrom Kc - 089 kPa (100 psia) to Pc = 2758 kPa faon nciai ^ 

prrfo«sScrfrSr"M%js kpi ( loSVsu) to“* i%?S8'krao’;s??fr 

decrease fro™ Pc ■ 2758 kP. (400 ps(a) to Pc • 68M “^(10550??!)! ’ 

pr,™,rny doe to ?!!^?-rot1^:^^^??^n^;"^wh1cr?e^o^lr 

dlaKters, fringe effects with the1r’detr1™entli ll!f)o«c“ TllxlSr 
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IV, C, Performance Sensitivity (cont.) 


efficiency are predicted to become more predominant. Also, having fewer ele- 
ments Inhibits Interelement mixing and propellant vaporization. 


. ^ , At F a 445N (100 IbF), the minimum chamber diameter and num- 

ber of elements had been reached for both Pc = 2758 kPa (400 psia) and Pc = 
psia); therefore. Increasing Pc from 2758 to 6894 kPa (400 to 
1000 psia) does not significantly reduce ERE. The low-thrust, high-pressure 
designs result In contraction ratios of up to 37. 


For the 445N (100 IbF) thrust case (Figure 61), the Increase 
In hkin Is greater than the decrease In ERE from Pc = 2758 kPa (400 psia) 
to Pc j 6894 kPa (1000 psia). These trends Indicate that further improve- 
ments In Isp are attainable at high thrust If either a finer Injector element 
pattern, or contraction ratios greater than eight, or both are utilized. 


Figures 62 through 64 are cross-plots of predicted perform- 
ance as a function of thrust and mixture ratio for constant chamber pres- 
sures. For Pc = 689 kPa (100 psia) and Pc » 2758 kPa (400 psia), performance 
will increase with Increasing thrust. This occurs because the throat area 
Increasing thrust, resulting In both hkim and ERE improving 
with thrust. Kinetic efficiency Improves because the engine gets larger 
providing longer residence times and thus more potential for recombination. 
Energy release efficiency improves because larger throat areas mean larger 
chamber diameters and a greater number of elements, thus Improving mixing 
efficiency. For Pc * 6894 kPa (1000 psia), the minimum chamber diameter and 
minimum number of elements occur at both 445 and 1779N (100 and 400 IbF) 
thrust. Although the number of elements at both thrust levels Is the same, 
the element orifice diameter increases from 445 to 1779N (100 to 400 IbF). 
This Increase In orifice size decreases Interelement mixing and vaporization 
thus lowering ERE- At thrusts from 1779 to 4.448N (400 to 1000 IbF), chamber 
diameter and element number Increases result In Improved mixing and ERE. 

3. Effect of Added Enthalpy 


11 ^ .. potential for performance Improvement by adding heat 
from a free source was Investigated using LOX/hydrogen for the following 
operating points: 


Thrust, F 

Chamber Pressure, Pc 
Mixture Ratio, 0/F 
Expansion Ratio 


1779N (400 IbF) 
2758 kPa (400 psia) 
2, 4, 6, 8 
400:1 
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Pc • it94 kl>i OOOO ptU) 



Fiaure 62. LOX/LH? Delivered Performance vs Thrust for 
6^ kPa {1000 psia) Chamber Pressure 

LKj/tOX 

Pc • 27Se kP< (400 pstt) 



Figure 63. LOX/LH? Delivered Performance vs Thrust for 
2758 kPa (400 psia) Chamber Pressure 


LHj/LOX 

Pc ■ 689 kPi (lOO psU) 
FUEL COOIEO 



100 100 
T*UST, IhF 


Figure 64. LOX/LH 2 Delivered Performance vs Thrust for 
639 kPa (100 psia) Chamber Pressure 
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VL, C, Performance Sensitivity (cont.) 


Table XVI lists the results of this analysis. Performance will Improve from 
® 16.52 (at MR * 2) If the hydrogen Is heated 922. 2*K 

(1200 F) after It has been used In regenerative cooling. Another 22 to 32 

^n’P'^ovement may be realized by also heating the oxygen to 922. 2»K 

\ JLtUU r I ♦ 


Without enthalpy addition, the peak performance occurred at 
a mixture, ratio of 4. With enthalpy addition, the maximum performance 
occurred at a mixture ratio of 2 and Increased further as the mixture ratio 
was lowered. 


Although the heating of hy.drogen results In significant per- 
formance Impr'ovements, the same- may not be true of hydrocarbons. At these 
high temperatures, coking may occur in the propellant lines which has a 
detrimental effect on engine operation. 

4. Performance Conclusions for LOX/Hydrogen 

The following general conclusions may be drawn from this 

analysis: 


The maximum Isp for LOX/hydrogen Is approximately 25 to. 
302 higher than that for LOX/methane and 30 to 352 
higher than that for LOX/RP-1. 

" The peak performance generally occurs at a mixture 
ratio of 4 + 1 for the thrust and chamber pressure 
ranges analyzed. 

* When real Injector effects for a fixed element type and 
density are considered, maximum specific Impulse Is 
obtained at approximately the Intermediate chamber 
pressure levels [%2758 kPa (MOO psia)]. However, when 
allowance Is made for the development of Improved 
Injectors or the use of larger element quantities, sig- 
nificant improvements in attainable Isp are possible at 
pressures higher than 2758 kPa (400 psia). While the 
higher attainable performance Is not expected to alter 
the cooling conclusions, It could result in slightly 
smaller channel sizes. 

* In all cases, maximum specific impulse Is obtained at 

the maximum thrust level [4448N (1000 IbF)] analyzed In 
this studyj 


TABLE XVI 


ADDED enthalpy RESULTS FOR 
LOX/LH 2 PROPELLANTS 



Pc - 2758 kPa (400 

psia) 

F » 1779N (400 IbF) 


E - 400:1 


MR 

ISPR 

ATp 

IsPHi 



UPH2 

alsp2 

2 

433.8 

778 (1400) 

505.5 

16.5 

832 (1A97) 

518.1 

19.4 

4 

466.4 

720 (1296.9) 

496.9 

6.5 

832 (1497) 

508.4 

9.0 

6 

464.9 

641 (1153..5) 

479.9 

3.2 

832 (1497) 

489.3 

5.2 

8 

441.6 

623-^(1121.9) 

451.6 

2.3 

832 (1497) 

459.9 

4.1 





UNITS 

IsPr 

- 

Reference Case - 1 NBP 

sec 


- 

Only hydrogen is heated by “free" source 

sec 

4Tp 

- 

Temperature rise by “free" source 

Deg-R 

*5Ph2 

- 

Both hydrogen and oxygen are heated 

sec 


- 

Temperature rise from tank condition 

Deg*R 

X al$p^ 

• 

IsPh 

"1 * 100 

IsPr 


X &ISP2 

- 

Ispu 

J * 100 



IsFr 
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V. 


RESULTS OF PARAMETRIC STUDIES FOR LOX/METHANE 
A. SUMMARY 


The LOX/LCH 4 propellant combination presents the most chal- 
lenging design task for optimization as both propellants are reasonably aood 
coolants of almost equal capability. However, unlike hydrogen, neither ?s 
H k ®®^^sfactory for the-entire operating range. Oxygen cooling was 
nf^h? h2 i"ore difficult than with the LOX/RP-l system due to a combination 
of higher gas-side heat flux and lower total propellant flows available for 
the higher-performing LOX/methane propellants. 

For the oxygen-methane system, methane cooling is limited to 

higher thrusts. Oxygen cooling is favored at nominal 
® The attainable specific impulse is maximum 

® "^’I^Ture ratio between 3.0 and 3.5. The present, study shows that fuel 
should be the primary coolant at an MR of 3.0 while oxygen is preferred at an 
MR Of 3.5. At Optimum mixture ratio, a large region at low thrust and high 
Pc requires cooling augmentation; this region shrinks as the thrust level 
increases. The use of dual -regen cooling provides a good solution to design 
points which are limited by bulk temperature rises. The second coolant 

added chamber length required for high performance to be attained 
without requiring use of film cooling. 

B. THERMAL DESIGN 

1* Scope and Analytical Basis 

... envelope for the L0?/LCHa analyses of Task rv 

fh« given in Section IV.B.l ?or L 02 /LH 2 ^ except that ^ 

the mij(ture ratio range was from 2 to 5. In this study, no credit was taken 
for possible gas-side heat-flux reduction resulting from carbon deposition 

^^•’^hustion. The maximum bulk temperature for methane is 
limited primarily by pressure drop. The decomposition temperature of methane 
is above the allowable wall temperature and thus is not a limiting factor. ” 

2. Analysis Methodology 

capability trends for the LO 2 /LCH 4 system 
resemble those previously determined for the LO 2 /RP-I propellant combi na- 
tion. Methane cooling was evaluated at mixture ratios of 2 , 3 , and 3 . 5 . in 
that order, while oxygen cooling was studied starting at MR = 5 and pro- 
ceeding to MR = 3.5. Selected input data and calculated results for cooling 
with methane and with oxypn are presented in Tables XVII and XVIII, respec- 
tively. Significant results are shown graphically in Figures 65 through 83. 


U5 


Code 

MR F 

Pc 

Coolant 

... "in 

"in/"' 

^wall 


_N_ 

kPa 

- 

kPa 

- 

cm 

2-1-4/F 

2 445 

2758 

F 

7583 

2.75 

0.76 




F 

7563 

2.75 

0.76 




F 

17235 

6.25 

0.76 

2-4-4/F 

1779 

2758 

F 

7583 

2.75 

0.76 

2-10-4/F 

4446 

2758 

F 

7583 

2.75 

0.76 

2-10-10/F 


6894 

F 

9652 

1.40 

0.0635 

3-4-1/F 

3 1779 

689 

F 

5515 

8.00 

0.76 

3-4-4/F 


2758 

F 

7583 

2.75 

0.76 

3-10-4/F 

4448 

2758 

F 

7583 

2.75 

0.76 

3.S-4-1/F 

3.5 1779 

689 

F 

5515 

8.00 

0.76 



689 

F 

5515 

8.00 

0.76 

3.5-4-4/F 


2758 

F 

7583 

2.75 

0.76 



2758 

F 

7583 

2.75 

0.76 

3.5-10-1/F 

4448 

689 

F 

5515 

8.00 

0.76 

3.5-10-4/F 


2758 

F 

7583 

2.75 

0.76 


**V«1ues enployed to calculate oropellant flow and throat size 


Eomaia ERzMvliC 





TABLE XVII 

SELECTED PARAMETERS CHARACTERIZING 
COOLING WITH NBP METHANE WITH-LO, 

i 

(Single Regen 


Channel 

Dimensions 



«* 

•» 

Aspect 

Throat 

Barrel 


CR 

<^F 

Isp 

- Ratio 

w/d 

w/d 

L’ 


- 

sec 

d/w 

cm/cm 

m/m _ 

cm 

13.05 

1.8465 

321.1 

10 

0.0301/0.308 

0.0301/0.109 

13.21 

13.05 

1.8465 

321.1 

5 

0.0338/0.169 

0.0338/0.071 

13.21 

13.05 

1.8465 

321.1 

10 

0.0335/0,336 

0.0335/0.056 

13.21 

8.00 

1.8557 

322.7 

20 

0.0663/1.325 

0.0663/0.163 

17,98 

B.OO 

1.8563 

322.8 

20 

0.0442/0.881 

0.0803/1.549 

22.10 

8.00 

1.8534 

322.3 

20 

0.0373/0.747 

0,0554/0.904 

18.03 

8.00 

1.9B53 

358.2 

20 

0.0963/1.923 

0.0963/1.090 

24.64 

8.00 

2.0047 

36 7.0 

20 

0.0427/0.853 

0.0427/0.089 

15.11 

8.00 

2.0096 

367.9 

20 

0.0564/1.128 

0.0564/0.831 

22.10 

8.00 

2.0000 

352.7 

20 

0.0919/1.841 

0.0925/1.328 

24.64 

8.00 

2.0000 

352.7 

7 

0.1016/0.710 

0.1016/0.406 

24.64 

8.00 

2.0490 

367.4 

20 

0.0442/0.886 

0.0442/0.079 

14.48 

8.00 

2.0490 

367.4 

20 

0.0411/0.825 

0.0414/0.066 

15.16 

8.00 

2.0204 

356.3 

5 

0.2169/1.084 

0.2177/0.218 

30.46 

8.00 

2.0574 

368.9 

20 

0.0569/1.137 

0.0569/0.457 

22.10 


TABLE XVII 


S CHARACTERIZING ENGINE REGENERATIVE 
METHANE WITH LO^/LCH^ PROPELLANTS 

(Single Regen) 


—i. 


ons 


Barrel 




‘A 

aP 

b,ln 

w/d 

L* 

'‘t 

•■ch 

- 

kPa 

°K 

cm/cm 

on 

cm 

ein 




1 *. 0301/0.109 

13.21 

0.528 

1.905 

13.82 

103 

114.3 

». 0338/0.071 

13.21 

0.528 

1.905 

13.82 

55 

114.3 

0335/0.056 

13.21 

0.528 

1.905 

13.82 

153 

114.3 

.0663/0.153 

17.98 

1.052 

2.974 

9.27 

142 

114.3 

3*. 0803/ 1.5 49 

22.10 

1.664 

4.704 

15,54 

15 

114,3 

3» .0554/0.904 

18.03 

1.052 

2.977 

42.54 

105 

114.3 

.0963/1.090 

24.64 

2.035 

5.753 

6.00 

2.8 

114.3 

J* . 0427/0.089 

15.11 

1.011 

2.863 

13.09 

396 

114.3 

P* .0564/0.831 

22.10 

1.598 

4.521 

13.55 

14 

114.3 

.0925/1.328 

24.64 

2.027 

5.733 

6.00 

2.8 

114.3 

1 ■. 1016/0.406 

24.64 

2.027 

5.733 

6.00 

9.0 

114.3 

i -.0442/0.079 

14.48 

1.001 

2.832 

6.00 

481 

114.3 

.0414/0.066 

15.16 

1.001 

2.832 

12.76 

631 

114.3 

•-2177/0.218 

30.48 

3.188 

9,017 

6.00 

13 

114.3 

.0569/0.457 

22.10 

1.580 

4.468 

12.96 

24 

114.3 


l,OUt 

’K 


*’g, nax 
kw/in^ *K 

X 10'^ 

*^9, max 
kw/m^ 

q 

^c, max 
kw/m^ 

Ko. of 
Channels 

557 

442 

7589 

16881 

1879 

86 

557 

442 

7589 

16881 

3072 

83 

572 

458 

7589 

ieaai 

1634 

83 

398 

283 

5501 

11390 

2762 

86 

347.4 

233 

10149 

22732 

6896 

142 

437 

322 

23621 

53716 

10132 

70 

435 

320 

1665 

4216 

670 

no 

497 

383 

4942 

13563 

5229 

105 

447 

332 

4648 

13123 

1896 

124 

458 

344 

1574 

4020 

654 

171 

458 

344 

1574 

4020 

801 

106 

496 

382 

4707 

13041 

3840 

103 

525 

411 

4707 

13025 

4167 

106 

331 

217 

1253 

3203 

899 

89 

472 

357 

4324 

12387 

2402 

122 




1t>F psia 




2-4-4/F 


2-10-4/F 

2-10-10/F 


3'4-1/F 

3-4-4/F 


3-10-4/F 


3.5*4- 1/F 3.5 400 

3.5-4-4/F 


Coolant 


«ih THrust. Ibf Pc/Dti« . . . 

TOT — * — iSir / 

••Values employed to calculate propellant flow and throat site 




TABLE XVII fCon 

SELECTED PARAMETERS CHARACTER I2IN 
COOLING WITH NBP METHANE-WITH 1 

(Single Rege 


I 


^n 

psia 


‘wall 

In. 

CR 


ISD** 

sec 

Aspect 

Ratio 

d/w 

1100 

2.75 

0.3 

13.05 

1.8465 

321.1 

10 

1100 

2.75 

0.3 

13.05 

1.8465 

321.1 

5 

2500 

6,25 

0.3 

13.05 

1.8465 

321.1 

10 

1100 

2.75 

0.3 

8.00 

1.8557 

322.7 

20 

1100 

2.75 

0.3 

8.00 

1.8563 

322.8 

20 

1400 

1.40 

0.025 

8.00 

1.8534 

322.3 

20 

800 

8.00 

0,3 

8.00 

1.9853 

358.2 

20 

1100 

2.75 

0.3 

8.00 

2.0047 

367.0 

20 

1100 

2.75 

0.3 

8.00 

2.0096 

367.9 

20 

800 

8.00 

0.3 

8.00 

2.0000 

352.7 

20 

800 

8.00 

0.3 

8.00 

2.0000 

352.7 

7 

1100 

2.75 

0.3 

8.00 

2.0490 

367.4 

20 

1100 

2.75 

0.3 

8.00 

2.0490 

367.4 

20 

600 

8.00 

0.3 

8.00 

2.0204 

356.3 

5 

110O 

2.75 

0.3 

8.00 

2.0574 

368.9 

20 


Channel 

Dlaensions 


Throat 

w/d 

tn./ln. 


Barrel 

w/d 

In. /In, 


0.0121/0.1213 

0.0133/0.0666 

0.0132/0.132! 

0.0121/0.043 

0.0133/0.028 

0.0132/0.022 

5.20 

5.20 

5.20 

0.0261/0.5217 

0.0261/0.064 

7.08 

0.0174/0.3470 
U. 0147/0. 2940 

0.0316/0.610 

0.0218/0.355 

8.70 

7.10 

0.0379/0.7570 

0.0168/0.3359 

0. 0379/0. 4.'’9 
0.0168/0.035 

9.70 

5.95 

0.0222/0.4442 

0.0222/0.327 

8.70 

0.0362/0.7249 

0.0400/0.2797 

0.0364/0.523 

0.0400/0.160 

9.70 

9.70 

0.0174/0.3479 

0.0162/0.3249 

0.0174/0.031 
0 0163/0.026 

5.70 

5.97 

0.0854/0.4269 

0.0224/0.4477 

0.0857/0.086 

0.0224/0.180 

12.00 

8.70 



TABLE XVII (Cont.) 

WRS CHARACTERIZING ENGINE REGENERATIVE 
METHANE WITH LOg/LCH^ PROPELLANTS 

(Single Regen) 


visions 


Barrel 





AP 

b,1n 

w/d 

L' 

'’t 

^ch 


psi 

«F 

In. /In. 

In. 

In. 

in. 




” 0. 0121/0. 0« 

5.20 

0.208 

0.750 

13.82 

14.9 

-254.2 

0.0133/0.028 

5.20 

0.208 

0.750 

13.82 

8.0 

-254.2 

- 0.0132/0.022 

5.20 

0.208 

0.750 

13.82 

22.2 

-254.2 

0. 0261/0.064 

7.08 

0.414 

1.171 

9.27 

20.6 

-254.2 

- 0.0316/0.610 

8.70 

3.655 

1.852 

15.54 

2.2 

-254.2 

0.0218/0.356 

7. 1C 

0.414 

1.172 

42.54 

15.3 

-254.2 

0.0379/0.429 

9.70 

0.801 

2.265 

6.00 

0.4 

-254.2 

0.0168/0.035 

5.95 

0.398 

1.127 

13.09 

57.5 

-254.2 

0.0222/0.327 

8.70 

0.629 

1.78C 

13.55 

2.0 

-254.2 

0.0364/0.523 

9.70 

0.798 

2.257 

6.00 

0.4 

-254.2 

0.0400/0.160 

9.70 

0.798 

2.257 

6.00 

1.3 

-254.2 

0.0174/0.031 

5.70 

0.394 

1.115 

6.00 

69.8 

-254.2 

0.0163/0.026 

5.97 

0.394 

1.115 

12.76 

91.6 

-254.2 

0.0857/0.086 

12.00 

1.255 

3.550 

6.00 

1.9 

-254.2 

0.0224/0.180 

8.70 

0.622 

1.759 

12.96 

3.5 

-254.2 


English Units 


^b,out 

*F 

°F 

*'g, max 
Btu/1n^-sec-®F 
X 10~^ 

max 

Btu/ln^-sec 

Q 

^c, max 
2 

Btu/ln -sec 

No. of 
Channels 


542.2 

796.4 

2.58 

10.33 

1.15 

86 

542.2 

796.6 

2.58 

10.33 

1.88 

83 

570.0 

824.2 

2.58 

10.32 

1.11 

83 

255.9 

510.1 

1.87 

6 97 

1.69 

88 

165.3 

419.5 

3.45 

13.91 

4.22 

142 

325.8 

580.0 

8.03 

32.87 

6.20 

70 

322.7 

576.9 

0.566 

2.58 

0.41 

110 

434.4 

688.6 

1.68 

8.30 

3.20 

105 

344.0 

598.2 

1.58 

8.03 

1.16 

124 

364.7 

618.9 

0.535 

2.46 

0.40 

171 

364.8 

619.0 

0.535 

2.46 

0.49 

106 

433.6 

687.8 

1.60 

7.98 

2.35 

103 

485.7 

739.9 

1.60 

7.97 

2.55 

106 

135.6 

389.8 

0.426 

1.96 

0.55 

89 

389.3 

643.5 

1.47 

7.58 

1.47 

122 
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TABLE XVI II 



SELECTED PARAMETERS CHARACTERIZING ENGINE RE6E| 
COOLING WITH LO2/LCH4 PROPELLANTS , 

(Single Regen) 


m 

F 

K 

-UML 

Pe 

kP< 

ieiiil 

CooUnt 

fin 

kP, 

Jfii'iL 


V'l 

CM 

it«.) 

08 

Cp“ 

lsp“ 

t,c 

3,5 

445 

(lOO) 

689 

(IM) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

8.00 

1.9654 

346.6 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

14.33 

2.0273 

363.5 


1779 

(400) 

689 

(100) 

0 

6205 

(900) 

9.Q 

0.76 

(0.3) 

8.00 

2.0000 

352.7 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

8.00 

2.0490— 

— 367t4 


4448 

(1000) 

689 

(100) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

8.00 

2.0204 

356.3 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

8.00 

2.0574 

368.9 



4136 

(600) 

0 

9307 

(1350) 

2.25 

0.0635 

(0.025) 

8.00 

2.0602 

371.5 



5515 

(800) 

0 

15,167 

(2200) 

2.75 

0.0635 

(0.025) 

8.00 

2.0616 

373.0 

4 

445 

(100) 

689 

(100) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

8.00 

1.9596 

337.0 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

!4.35 

2.0304 

355.1 


1779 

(400) 

689 

(100) 

0 

6205 

(900) 

9.D 

0.76 

(0.3) 

8.00 

1.9968 

343.4 



2758 

(400) 

0 

7101 

(1030) 

2. 575 

0.76 

(0.3) 

8.00 

2.0544 

359.3 


4448 

(1000) 

689 

(100) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

8.00 

2.0195 

. 347.3 



3758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

8.00 

2.0636 

360.9 



4136 

(600) 

0 

9307 

(1350) 

2.25 

0.0635 

(0.025) 

8.00 

2.0715 

364.7 



5515 

(800) 

0 

15,167 

(2200) 

2.75 

0.063'. 

(0.025) 

8.00 

2.0754 

366.9 

5 

445 

(100) 

689 

(100) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

8.00 

1.9584 

320.6 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

14.30 

2.0236 

336.8 


1779 

(400) 

6894 

(1000) 

0 

15,167 

(2200) 

2.2 

0.0635 

(0.025) 

36.30 

2.0540 

345.7 


689 

(100) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

8.00 

1.9945 

326.5 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

8.00 

2.0464 

340.6 



6894 

(1000) 

0 

15.167 

(2200) 

2.2 

0.0635 

(0.025) 

9.12 

2.0641 

347.4 

5 

4448 

(1000) 

689 

(100) 

0 

6205 

(900) 

9.0 

0.76 

(0.3) 

6.00 

2.0164 

330.1 



2758 

(400) 

0 

7101 

(1030) 

2.575 

0.76 

(0.3) 

8.00 

2.0554 

342.1 



6894 

(1000) 

0 

15,167 

(2200) 

2.2 

0.0635 

(0.025) 

8.00 

2.0653 

347.6 


Codt« 

J.S-l'I/0 

3.5- 1.4/0 
i.M-l/O 

3.5- 4-4/0 

1.5- 10-1/0 
].5-t0-4/0 

3.5- 10-6/0 

3.5- 10-8/0 

4-1-1/0 

4-1-4/0 

4-4-1/0 

4-4-4/0 

4-10-1/0 

4-10-4/0 

4-10-6/0 

4- 10-8/0 

5- 1-1/0 
5- 1-4/0 
5-1-10/0 
5-4-1/0 
5- 4-4/0 
5-4-10/0 

5-10-1/0 

5-10-4/0 

5-10-10/0 


*1« - IhrMst . N - Pc , kPa . . . 

HR - Thnitt . U)F * Pc, , . 

“TOT — tM 


L' 


••ch 


aP 

'b,(n 

^b,ou 

m 

MpA. 


CB 

‘A 

kPa 

(P3l) 

•K 

X!a._ 

•K 

J-£l_ 

13.21 

(5.20) 

1.02) 

(0.402) 

2.891 

(1.138) 

6.00 

154 

(22.3) 

94.6 

(-289.9) 

394 
(250. ( 

6.73 

(2.65) 

0.503 

(0.196) 

1.905 

(0.750) 

20.31 

173? 

(251.9) 

97.0 

(-285.3) 

394 

(250,1 

24.64 

(9.70) 

2.027 

(0.798) 

5.733 

(2.257) 

6.00 

47 

(6.8) 

94.5 

(-289.9) 

309 

(95.5: 

17.42 

(6.86) 

1.001 

(0.394) 

2.832 

(1.115) 

12.76 

529 

(76.8) 

97.0 

(-285.3) 

394- 

(250.1 

30.48 

(12.00) 

3.188 

(1.255) 

9.017 

(3.550) 

6.00 

31 

(4.5) 

94.5 

(-289.9) 

217 

(-68.1 

22. .0 
(8.70) 

1.580 

(0.622) 

4.468 

(1.759) 

12.96 

239 

(34.6) 

97.0 

(-285.3) 

292 

(65.9! 

20.19 

1.288 

3.645 

28.77 

1194 

96.8 

389 

(7.95) 

(.507) 

(1.435) 


(173.2) 

(-285.7) 

(240. ( 

14.68 

1.115 

3.157 

46.03 

2729 

101 

394 

(5.78) 

(0.439) 

(1-243) 


(396.8) 

(-278.2) 

(250.( 

14.81 

1.024 

2.896 

6.00 

33 

94.6 

394 

(5.83) 

(0.403) 

(1.140) 


(4.8) 

(-289.9) 

(250. ( 

9.19 

0.503 

1.905 

19.12 

929 

96.8 

394 

(3.62) 

(0.198) 

(0.750) 


(134.8) 

(-285.7) 

(250.C 

24.64 

2.029 

5.738 

6.00 

16 

94.5 

275 

(9.70) 

(0.799) 

(2.259) 


(2.3) 

(-289.9) 

(35.4 

18.03 

1.001 

2.827 

12.01 

325 

96.8 

364 

(7.10) 

(0.394) 

(1.113) 


(47.2) 

(-285.7) 

(195.1 

30.48 

3.188 

9.019 

6.00 

7.6 

94.5 

198 

(12.00) 

(1.255) 

(3.551) 


(l-l) 

(-289.9) 

(-103.C 

22.10 

1.577 

4.460 

12.64 

185 

96.8 

262 

(8.70) 

(0.621) 

(1.756) 


(26.8) 

(-285.7) 

(10.9 

20.19 

1.285 

3.635 

!8.S3 

655 

96.8 

351 

(7.95) 

(0.506) 

(1.431) 


(95.0) 

(-285.7) 

[173.2 

16.97 

1.113 

3.145 

44.64 

1916 

101 

394 

(6.68) 

(0.438) 

(1.238) 


(277.9) 

(-278.2) 

(250 0 

17.65 

1.024 

2.896 

6.00 

27 

94.5 

394 

(6.95) 

(0.403) 

(1.140) 


(3.9) 

(-289.9) 

(250.0 

11.84 

(4.66) 

0.503 

(0.198) 

1.906 

(0.750) 

17.21 

297 

(43.1) 

95.2 

(-288.7) 

394 

(250.0; 

6.38 

(3.30) 

0.315 

(0.124) 

1.905 

(0.750) 

46.8? 

1721 

(249.6) 

lot 

(-278.2) 

394 

(250.0! 

24.64 

2.023 

5.740 

6 

7.6 

94.5 

232 

(9.70) 

(0.7t9) 

(2.260) 


(1.1) 

(-289.9) 

(-42.9) 

18.03 

(7.10) 

1.00) 

(0.394) 

2.835 

(1.116) 

n 7.1 

261 

(37.3) 

95.2 
' 288.7) 

280 
(44 7) 

13.28 

(5.23) 

0.630 

(0.248) 

1.905 

(0.750) 

39.84 

815 

(118.2) 

101 

(-278.2) 

394 

(250.0) 

30.48 

(12.00) 

3.190 

(1.256) 

9.027 

(3.554) 

6.00 

3.4 

(0.5) 

94.5 

(-289.9) 

180 

(-135.2) 

22.10 

(8.70) 

1.580 

(0.622) 

4.470 

(1.760) 

11.99 

104 

(15.1) 

96.2 

(-288.7) 

218 

(-68.4) 

18.03 

(7.10) 

0.998 

(0.393) 

2.819 

(1.110) 

50.62 

38) 

(55.3) 

101 

(-278.7) 

377 

(218.8) 


**»,lues nplojrcd to clculttc propcIUnt Mm and throat site. 
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TABLE XVni 


^i^Meters characterizing engine regenerative 

»OLING WITH LOg/LCH^ PROP£LLANTS 
(Single Regen) 


••t 

'•ch 

ca 

Ujl.Jl 

‘A 

kP4 

(Pil) 

154 

(22.3) 

^b,in 

•K 

94.5 

(•289.9) 

^b,out 

•K 

394 

(250.0) 

•K 

j!a_ 

300 

(539.9) 

k«/B^ *K 

(Btu/ln.*-i«-*F) 

^10-A 

'^9. »» 
lat/a* 

(atu/fn.^-sec) 

^C, MX 
tai/i? 

(8bi/ln.^-SK) 

Tbrut TbrMt 

Aspect u/i w/d 

Ratio ca/ca ca/ca 

d^ (Iti./lti) Oa./ln.) 

Np. Of 
Channels 

1 .021 
(0.402) 

2.891 

(1.138) 

6.00 

1903 

(0.647) 

5442 

(3.33) 

1079 

(0.66) 

10 

0.0I47/0;I47 0.0241/0.241 

(0.0a58/0.0580)(0.009s/0,as5:) 

H3 

O.M) 

(O.Itt) 

1.905 

(0.750) 

20.31 

1237 

(251.9) 

97.0 

(-285.3) 

394 

(250.0) 

297 

(535.3) 

6648 

(2.26) 

18,579 

(11.43) 

3105 

(1.90) 

20 

0.0066/0.133 0.0152/0.305 

(0.0026/0.0525) (0 . 0060/0. 1 20) 

113 

2.027 

(0.708) 

5.733 

(2.257) 

6.00 

47 

(6.8) 

94.5 

(-289.9) 

309 

(96.5) 

215 

(386.4) 

1574 

(0.535) 

4298 

(2.63) 

801 

(0.49) 

7 

0.0388/0.273 0.0711/0.498 

(0. 0153/0. t074)(0 .0280/0 . 196) 

171 

1.001 

(O.IM) 

2.832 

(1.115) 

12.76 

529 

(76.8) 

97.0 

(-285.3) 

394 

(250.0) 

297 

(535.3) 

4707 

(1.60) 

13,433 

(8.22) 

3268 

(2.00) 

20 

0.0208/0.419 0.0239/0.348 

(0. 0002/0. 1648) (0 .0094/0 . 137) 

131 

3. 188 
(l.»5) 

9.017 

(J.550) 

6.00 

31 

(4.5) 

94.5 

(-289.9) 

217 

(-68.9) 

123 

(221.0) 

1253 

(0.426) 

3432 

(2.10) 

1128 

(0.69) 

S 

0.0646/0.423 0.1273/0.551 

(0 . 0333/0 . 1664) (0.0501/0. 21 7) 

168 

L.sao 

(0.622) 

4.468 

(1.759) 

12.96 

239 

(34.6) 

97.0 

(-285.3) 

292 

(65.9) 

195 

(351.2) 

4324 

(1.47) 

12,976 

(7.94) 

3546 

(2.17) 

20 

0.0348/0.444 0.0460/0.919 

(0.0137/0.1749K0.0181/0.362) 

IM 

1.288 

(.507) 

3.645 

(1.435) 

28.7/ 

1194 

(173.2) 

96.8 

(-285.7) 

389 

(240.0) 

292 

(525.7) 

9266 

(3.15) 

29,170 

(17.85) 

3987 

(2-44) 

20 

0.0234/0.467 0.0391/0.358 

(0.0092/0. 1838)(0.0154/0. 141 ) 

98 

t.llS 

(0.«9' 

3.157 

(1.243) 

46.03 

2729 

(395.8) 

101 

(-278.2) 

394 

(250.0) 

293 

(528.2) 

15,032 

(5.11) 

45,235 

(27.68) 

9086 

(5.56) 

20 

0.0198/0.396 0.0264/0.460 

(0.0078/0.1558)0.0104/0.180) 

89 

1.024 

(O.40J) 

2.396 

(1.140) 

6.00 

33 

(4.8) 

94.5 

(-289.9) 

394 

(250.0) 

300 

(539.9) 

1830 

(0.622) 

5180 

(3.17) 

997 

(0.61) 

20 

0.0155/0 307 0.0267/0.338 

(Q.OQ61/0.1210](0.0105/0.133) 

142 

0.6t<J 

(O.H8) 

1.905 

(Q.750) 

19.12 

929 

(134.8) 

96.8 

(-285.7) 

394 

(250.0) 

298 

(535.7) 

6324 

(2.15) 

17,829 

(10.91) 

2631 

(1.61) 

20 

Q.0C76/0.153 0.0147/0.297 

(0.0030/0.0602) (0 . 0058/0 .117) 

112 

2.029 

(0.799) 

5.738 

(2.259) 

6.00 

16 

(2-3) 

94.5 

(-289.9) 

275 

(35.4) 

181 

(325.3) 

1497 

(0.509) 

4069 

(2.49) 

605 

(0.37) 

20 

0.0386/0.770 0.0699/1.359 

(0 . 01S2/C . 3031 ) (0 .0275/0 .535) 

172 

l.OOt 

(0.394) 

2.827 

(1.113) 

12.01 

325 

(47.2) 

96.8 

(-285.7) 

364 

(195.2) 

267 

(480.9) 

4501 

(1.53) 

12.763 

(7.81) 

2729 

(1.57) 

20 

0.0236/0.474 0.0277/0.551 

(0.0093/0. 1865)(0.0109/0.217) 

127 

3.188 
( 1 .295) 

9.019 

(3.551) 

6.00 

7.6 

(l.i) 

94.5 

(-289.9) 

198 

(-103.0) 

104 

(186.9) 

1194 

(0.406) 

3252 

(1.99) 

654 

(0.34) 

20 

0.0775/1.551 0.1133/1.687 

(0.a3DS/0.6106)(0.8446/0.664) 

176 

1.577 

(0.621) 

4.460 

(1.756) 

12.64 

185 

(26.8) 

96.8 

(-285.2) 

262 

(10.9) 

164 

(296.6) 

4265 

(1.45) 

12,714 

(7.78) 

3007 

(1.84) 

20 

0.0389/0.776 0.0516/1.029 

( 0. 01 53/0 . 3054 ) (0 . 0203.'0 . 405 ) 

144 

1.285 

(0.506) 

3.635 

(1.431) 

’B.53 

655 

(95.0) 

96.8 

(-285-7) 

351 

(173.2) 

255 

(458.9) 

9237 

(3.14) 

28,958 

(17.72) 

3710 

(2.27) 

20 

0.0259/0.517 0.0429/0.577 

(0.0102/0. 2034) (0.0169/0. 227) 

95 

1.113 

(0.438) 

3.145 

(1.238) 

44.64 

1916 

(277.9) 

101 

(-278.2) 

394 

(250.0) 

293 

(528.2) 

14,443 

(4.91) 

43,731 

(26.76) 

7599 

(4.65) 

20 

0.0216/0.433 0.0307/0.384 

(0.0085/0. 1704) (0.0121/0. 151) 

87 

1.024 

(0.403) 

2.896 

(1.140) 

6.00 

27 

(3.9) 

94.5 

(-289.9) 

394 

(250.0) 

300 

(539.9) 

1750 

(0.595) 

4739 

(2.90) 

833 

(0.51) 

20 

0.0213/0.425 0.0559/1.115 

(O.00e4/0.1673H0.0220/0.439) 

132 

0.503 

(0.198) 

1.905 

(0.750) 

i;.2L 

297 

(43.1) 

95.2 

(-288.7) 

394 

(250.0) 

299 

(538.7) 

6119 

(2.08) 

16,358 

'10.01) 

2353 

(1.44) 

20 

0.0107/0.212 0.0330/0.658 

(0.0042/0.0835) (0.0130/0. 259) 

:o7 

66 

1.905 

(0.750) 

46.87 

1721 

(249.0) 

101 

(-278.2) 

394 

(25b. 0} 

293 

(528.2) 

12,619 

(4.29) 

31.458 

(19.25) 

8383 

(5.13) 

20 

0.0102/0.206 0.0302/0.396 

(0.004a/Q.0810)(0.0119/0.156) 

32 

2.029 

(0.799) 

5.740 

(2.260) 


7.6 

(1.1) 

94.5 

(-289.9) 

232 

(-42.9) 

137 

(247. D) 

1456 

(0.495) 

3612 

(2-21) 

490 

(0.30) 

20 

0.0526/1.051 0.1107/1.727 

(0.0207/0. 4137)(O.0436/O.6SO) 

151 

1.001 

(0.394) 

2.835 

(l.llS) 

•? 

261 

(37.3) 

95.2 
' 388.7; 

280 
(44 ’) 

185 

(333.4) 

4354 

(1.48) 

11,603 

(7.10) 

2696 

(1.65) 

20 

0.0315/0.632 0.0531/1.029 

(0.0124/0. 2487)(0.0209/0.405) 

117 

0.630 

(0.248) 

1.905 

(0.750) 

33.84 

815 

(118.2) 

101 

(-278.2) 

394 

(250.0) 

293 

(528.2) 

10,354 

(.v‘.;' 

30,821 

(18.86) 

4086 

(2.53) 

20 

0.0251/0.502 0.0345/0.658 

(0.0099/0. 1977)(0.0136/0. 259) 

49 

3.190 
( 1.256) 

9.027 

(3.554) 

6.00 

3.4 

(0.5) 

94.5 

(-289.9) 

180 

(-135.2) 

86 

(154.7) 

1162 

(0.195) 

2893 

0.7/) 

425 

(0.26) 

20 

0.1059/2.119 0.1646/1.217 

(0. 041 7/0. 8341 )(0 .0648/0 . 479) 

147 

1.580 

(0.622) 

4.470 

(1.760) 

11.99 

104 

(15.1) 

95.2 

(-288.7) 

218 

(-68.4) 

122 

(220.3) 

4324 

(1.47) 

12,289 

(7.52) 

2010 

(1.23) 

20 

0.0508/1.015 D.0833/1.207 

<0.0200/0. 3995)(a.0328/a. 475) 

129 

0.998 

(0.393) 

2.819 

(t.llO) 

50.62 

381 

(55.3) 

101 

(278.2) 

377 

(218. S) 

2/6 

(497.0) 

16,914 

(5.75) 

47,817 

(29.26) 

6847 

■4.19) 

20 

0.0292/0.5850 0.0549/0.925 
(0.01I5/0.2303)(0.0216/0.364) 

72 
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Pressure. Pc, psia Chamber Pressure, Pc, psia 









Chamber Pressure, psia 



Oxygen-Cooled 
Fuel -Cooled 




Primary Coolant 
Dual -Re gen 
Secondary Coolant 


O Stngle-Propellant Cooled 
L' > Minimum for Performance 

O Chamber Coating, or Reduced L' 
Required 


!^1gure 83, 


Thrust/Chamber Pressure/Mixture Ratio Operating Limits for 
Regenerative Cotoling Concepts for LOg/LCH^ Engines 
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V, B, Thermal Design <cont.) 


3. Sin gle-Propel lant Regenerative Coolinq Results 
(Fuel or 0)tygen) * — 

a. Coolant Pressure Drop 

Channel pressure losses for MBP methane and oxvoen as 
single regenerative coolants in a channel c" aspect ratio ■ 20 are ^own In 
Figure 65 for a thrust of 4448N (1000 IbF). Acceptable cooling uUhlSler 

??£«*(? 2758"kpl r40o"SL?lf 'o* 

pressures KPa L400 psiaj), methane gives low pressure droos over the 

Fange InvestIgateO; data trends Indicate rrapld 1tere«e In ^ 
?2 I® tncreased. At a Pc of 6884 kPa (1000 pslal/a fue° cooHm Mlutlon 

5?ai?1cM '■**'“ ’*®® thMlSnJ'if' 

^ < 1724 kPa (pan the Imposed pressure drop limit of 

^ r o r allowed a maximum Pc of about 4137 kPa (600 osial at 

an MR of 3.5. For higher Pc values, operation at high mixture ratio^Sr at ^ 
required If the pressure drop limitation criterion Is not to be 
exceeded. Dual -regen cooling overcomes the need for the reduced L'. 


define £P versus Pc 


These cooling data, shown cross-plotted In Figure 68. 
for lines of constant MR. Methane cooling at the maximum 


highest thrust can te' acc^pV she o l7at ."S ntelre ratte 
« ‘“‘’'1"® '® "Factlcal only at a high nlrturr^at J (HR - 6 ? 

Jivln^^';e^TaT^e;"Jre‘s*su*r"e°Sr‘:r 

Shown in Figures 66 anS «!“''?hes7teweljLtt'Ste^^^^ f' 

adequate methane coolant flow at the lower thrust levels 
IdSantage JSSrowS"^ temp^ures. eliminating the_reduced pressure lo« 


remain within the bulk temoerature rise 

JSMoo ?hF?®” are required for a thrust of 

44jN (100 IbF). A channel aspect ratio of 20 is required In order to hold 

^ specified limits. The data, shown iS pILle 67 are 
(F1qJ?e^65“iiIffifi?'’‘^ established at the highe? thrJkJ 

It® coolant flow makes methane cooling imorac- 

at F - 445N (ioo“ibn Sr Sives the limltlngV 5aiSe 

at r (loo IbF) for an oxygen coolant dP of 250 psi as follows* 
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V, B, Thermal Design (cont.) 


— Pc, kPa (psia) 

3.5 27S8 (400) 

4.0 3448 (500) 

5.0 6694 (1000) 

t limited data on the effect of aspect ratio Indicate 

^1)1^ parameter Is a complex function which Is depen- 

DroDertie^ Thif effects, and coolant 


Case 2>U4/r 
d/w /tf>, KPa (psl) 


Case 3.5- 4-l/F 
|7w icPa (psi) 


5 58.16 (8.0) 

10 102.73 (14.9) 


7 

20 


8.96 (1.3) 
2.76 (0.4) 


In the first case, increasing the channel aspect ratio (d/w) increases thu 
pressure drop; In the second cese. dP Is decfSsedf It (VipMJMfthet ^ 

** required to establish the criteria for opti- 
mization of channel aspect ratio. 

b. Coolant Outlet Temperature 

, Figures 71 through 73 show the respective outlet bulk 
methane and oxygen as single-regen coolants at the three 
thrust leuels specified for this study. St F .%448r|l000 IbFl oxISS 

.-S.S for Chamber pressures above 4137 
kPa (600 psia). Increasing the mixture ratio lowers the flux and inrr«ae<ie 

bulk- temperature-11 mi ted at a mixture ratio 

to 478*K Jl30^to^400“n aJd^l^f* temperatures range from 328 

an expander cycle!°° ^ ^ suitable for use as a turbine drive fluid In 


*Code . MR - te a t i JbF . Ec._pjia/coolant 


V, 3, Thermal Deslijn (cent.) 


. . . Both oxygen and methane discharge temperatures are 

higher at the mid-thrust level of 1779N (400 IbF) (Figure 72) than thev wr-re 
at 444m (1000 IbF) (Figure 71). Reduced L' valies a?rrequtrS for sliigfe! 
propellant cooling at the higher chamber- pressures analyzed. At the lowest 
thrust level, oxygen outlet bulk temperatures are at the upper limit at all 

are required at every design point,. as shown 
in ngure 73. This limitation can be overcome by cooling with both propel- 

lants or by the use of thermal liners, discussed In subsequent sections of 
this report. 


c. Chamber. L V 

The chamber L' values r.equ1red to meet the. coolant AP 
and temperature rise criteria are shown In Figures 74 through 76 for the 
three thrusts studied. The reduced L' values shown for oxygen result from 
the maximum bulk temperature limitation. No L' reduction Is required for F 

highest Pc requires a reduced L' at F = 1779N 
(400 IbE), whereas every design point at F « 445N (100 IbF) Is limited by 
maximum oxygen temperature. No L' reductions are req.u1red If dual -regen 
cooling Is employed. 


d. Channel Width 

k 4 r 4 minimum channel widths calculated for each design 
point are shown In Figures 77 through 79. These data are cross-plotted In 
Figures 80-82 using the coordinates thrust versus Pc for a mixture ratio of 
3.5 (the optimum performance MR). The cross-plots define the minimum fuel or 
oxidizer sizes required for a particular design point. The data for oxygen 
are similar to those determined for oxygen in the LOo/RP-l studies 

in a narrower channel. For example, 
at Pc 2758 kPa (400 psla)_ajnd_MR » 4, minimum channel widths are as 
follows: 


Thrust, F 
N (IbF) 


Minimum Channel Widths 
LO 2 /LCH 4 CoiTRF-T 

cm (In.) cm (In.) 


4448 (1000) 0.0389 (0.0153) 
1779 (400) 0.0236 (0.0093) 
445 (100) 0.0076 (0.0030) 


0.0513 (0.0202) 
0.0333 (0.0131) 
0.0117 (0.0046) 


of LOX/methane as 

compared to the LOX/RP-l combination. 
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V, B, Thermal Design (cent.) 


- 1 til® lower fuel density, methane channel 

T^^ilr+hlnr 'Tl (0*0039 In.) for a channel aspect ratio of 8:1. 

The methane data aUo show a lower sensitivity to mixture ratio than was 

for RP-1, The differences In slope for channel width vs MR at 27SS tP* 

Tf ff f '-*■ *1:® "oo w mJus" UvJlVare 

n»$t likely due to coolant bulk temperature/flowrate Interactions. 


4. 


Applicability"^ Regenerative Cooling and Coating 


heat coolIng, the oxygen or methane become 

allowable coolant discharge temperature 
become significant at low thrust hlaher Pc's anri^nnf^mnm* 

oimple cooling solution for many of these design points; however the jccmn 
anying performance loss makes this approach undesirable. ’ 

4 . .. temperature rise limits of a single- propellant 

coolant can be overcome by (1) dual -regen cooling in which both propellants 

the chamsil! ^ “til Izatlon of a thermal resistance^! iner In 

the chamber to reduce the heat flow to the coolant. 

V comparison of fuel -only ( si ngl e-regen) and oxidizer-fuel 
ihri Table XIX for operation at F » 1779M (400 

lha ^^9 psia)* and MR = 3.5. The use of oxygen to cool from 

the skirt attachment point area ratio (e » 12.76) to the coolant chaSSe point 

V ® pressure drop and tempJXff 

throat and^chlJhir® methane wh-lch cools the 

throat and chamber. Thus dual -regen cooling for this case results in a lowar 

temperature which can be converted to a longer chamber L' 
which. In turn, results in higher performance. cnamoer u , 

kAH k 4 4 . 1 . / A reduction In coolant discharge temperature from the cham. 

hofh^n».rtlA??'* 1® ^“®J*J’®9®h cooling which distributes the total heat load to 
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table XIX 


COMPARISON OF SELECTED PARAMETERS FOR SINGLE-REGEN (FU^L) 
AND OUAL-REGEN (OXYGEN-FUEL SERIES) CHAMBER CO(».ING 



PROPElUUiTS 

O2/CH4 

O2/CK, 



NOMINAL Pc/F 

2758/1779 (AOO/aOO) 

2758/1779 (400/400) 



CASE NO> 


O2 

C«4 

9 

Thmt, N (IbF) 

1779 (400) 

1779 (400) 


9 

Pc, kPa (psli) 

2758 (400) 

2758 (400) 


9 

I$p, sec 

367.4 

367.4 


« 

Throat Radius, un (In.) 

1.001 (0.394) 

1.001 (0.394) 


9 

Contraction Ratio 

8:1 

8:1 


9 

L' , cm (In.) 

15.16 (5.97) 

14.48 (5.70) 


O 

HR 

3.5 

3.5 


9 

kg/sec (Ibm/sec) 

0.386 (0.B5) 

0.386 (0.85) 


9 

Wf, kg/sec (1bni/$ec) 

0.109 (0.24) 

0.109 (0.24) 


9 

APcj_ikPa,(ps1) 

631 (91.6) 

3.45 (0.5) 

481 (69.8) 

9 

Pg j .-In, kPa (psfa) 

7583 (1100) 

7101 (1030) 

7583 (1100) 

9 

Pe.j_.“Out, kPa (psia) 

6952 (1008.4) 

7097 (1029.5) 

7102 (1030.2) 

9 

aTc j , “K CF) 

411 (739.9) 

6.7 (12.4) 

382 (687.8) 

9 

Tc_j..-1n, “K (“F) 

114 (-254.2) 

97.0 (-285.3) 

114 (-254.2) 

9 


525 (485.7) 

104 (-272.9) 

496 (433.6) 

O 

Regen e 

12.76:1 

12.76:6 

6:1 

9 

T^.max, "K ('F) 

816 (1008) 

233 (-40) 

816 (1009) 

9 

T^,^,max, 'K (-F) 

747 (884) 

222 (-60) 

492 (885) 

9 

hg,man kw/m^ "K (Btu/ln'^-sec "F) 

4.707 (0.00160) 

0.6236 (0.000212) 

4.707 (0.00160) 

9 

hj.max, k*f/m^ ®K (Btu/ln^-see “F) 

13.943 (0.00474) 

6.295 (0.00214) 

17.179 (0.00584) 

9 

Q/Aj max, kw/m* (Btu/in^-sec) 

13025 (7.97) 

1945 (1.19) 

13041 (7.98) 

9 

Q/Aj max, kw/m^ (Btu/ln^-sec) 

4167 (2.55) 

343 (0.21) 

3857 (2.36) 

9 

Qtotal* (Btu/sec) 

162264 (153.9) 

4428 (4.2) 

151405 (143.6) 

9 

T^. "It CF) 

3569 (5964.3) 

3477 (5498) 

3314 (5964.3) 

9 

Hall Thickness, cm (In.) 

0.762 (0.300) 

0.762 (0.300) 


9 

''c.j.-max* 

86.9 (285) 

1.65 (5.4) 

111.6 (366) 

9 

”c.J.-max’ 

0.154 

0.002 

0.196 

9 

No. Channels 

106 



9 

Min. Chan. Depth, cm (In.) 

0.066 (0.026) 


fnRrrwnriTi^H 

9 

^’’c.j./%- * 

0.229 

0.001 25 

0.1745 

9 

Limiting Criterion 

Gas-Side 
Hall Temp. 

Channel Aspect 
Ratio of 20 

Gas-Side 
Hall Temp. 
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V, B, Thermal Design (cent.) 


Thermal Conclusions for NBP LO2/LCH4 Cooling 


subsuntl.te the J 

Stlidl^nn^thi’ Channels provides an effective method of 

extending the range of regenerative cooling which. In turn, means hiaher 

^ nation of losses associated with the use of less 
Srifir! >"ethods. It must be emphasized, however, that these 

results are applicable only for a high thermal conductlvl^ alloy such as 


j j r*> dndlysis nidtrtc6s for th6 thr6s thrust 1 aua 1 c 

are given in Figures 80 through 82. Each d«1gS potni aSil.Jld Is cSded So 

sSetSSlS SS1S?1„1a1S'’^l;5^„S^?o^^?SS^Sg'?e«?^1^1%^'“™ 

3T'^’iJe\sSt^?L' r“ “n rrsssnin?' 

P^;LurrSr:p^\Sr/ve^"1^ 

high mixture rat1«'aS“c?S ’* 

S5s=s;pSs?’isfsis,r.TS8nA^r?!3oVs;?.t%if\M^ 

JSSlS^d Wro^SS!Sh - — --- 

While the marg1„a*‘aJJ'SS„{SSs“lJf:'ire« h«“'fSSrSnSlV7gt“ 87).““^““' 
.ess cooling capa^f^?;1^Sxy7etTh^Vfs^:1r {S‘?4„7i 

Sn77ed^%S7Lr\^?77d' i:t\77sV^ 

'«« ’PF). PC ■ k1a‘(lo1 SSSirSSS SS'l7l;."7xy7e?wTse7e«eJ {o'*" 

I53S divergent nozzle from e - 12.76 to e = 6? pieLlr- 

drop and temperature rise were found to be minimal, I.e., 1.4 kPa (oTpsla) 
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V, B, Thermal Design (cont.) 


and 6.9*K (12.4®F). Methane was then selected to cool the balance of the 
regeneratively cooled chamber. In comparing these results to slngle>regen 
cooling with methane, the ^ was reduced from 532 kPa (91.6 psla) to 481 kPa 
(69.8 psla) and the outlet bulk temperature from 525. 4“K (485. 7*F) to 496. 4®K 
(433.6**F). Channel minimum widths Increased slightly from 0.041 cm (0.016 
In.) to 0.044 cm (0.017 in.). 

The net results for the Task LV study of the oxygen-methane 
propellant combination are displayed In Figure 83 which provides F-Pc-MR 
operating maps delineating approximate cooling concept areas. At the highest 
thrust, regenerative cooling must be augmented by other performance-degrading 
concepts only at the highest Pc's near the optimum mixture ratio. This 
augmented region Increases as thrust is decreased. 

C. PERFORMANCE .SENSITIVITVL 
1. Performance Model 


The performance model used was essentially the same as in 
the prev.1ous sections for LOX/RP-1 and LOX/hydrogen. Calibration for 
oxygen-methane used OFO triplet element data from the NASA-LeRC Hydrocarbon 
Fuel Engine Injector Evaluation (Ref. 7). 

2. Attainable Isp for NBP LOX/LCH 4 


Unlike the oxygen-hydrogen engines which can successfully 
use fuel -regenerative cooling at all operating points, only a limited number 
of operating points are possible with methane or oxygen cooling. As can be 
seen from Table XX and Figure 84, fuel-regen cooling is feasible for mixture 
ratios less than 3.5 at a Pc of 2758 kPa (400 psla) and thrusts of 4448 and 
1779N (1000 and 400 IbF). By increasing the mixture ratio from 2 to 3.5 at 
the two thrust levels, performance Increased 12.3% and 9.9%, respectively. 

Table XXI documents the results of the oxygen regen-cooled 
cases. Oxygen regen-cooling can be used for mixture ratios greater than 3.5 
[Pc “ 2758 kPa (400 psla)] ip the mld-Pc design range. By varying the mix- 
ture ratio from 3.5 to 5, performance decreased by 4.3% at 445N (100 IbF) 
thrust and 6 . 8 % at 4448N (100 IbF) thrust. With MR » 3.5, either oxygen or 
fuel regen-cooling could be used at Pc ■ 2758 kPa (400 psia). 

The benefits of dual -regen cooling in improving performance 
are tabulated in Table XXII. As can be seen In Figure 84, the most signifi- 
cant perfonnance improvements occur at the lowest thrust level. Figures 85 
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LOX/LCH- RESULTS FOR 
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LOX/LCH^ RESULTS FOR 
OXYGEN-REGEN-COOLED CASES 
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= 111 »K (200 »R) 
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V, C, Performance Sensitivity (cont.) 


through 87 show that when reaJ injector ERE is considered, the peak perform- 
ance generally occurs at Pc = 2758 kPa {400 psia) for a constant thrust. The 
general trend Is that performance increases from Pc * 689 kPa (100 psia) to 
Pc = 2758 kPa (400 psia) and then decreases fran Pc = 2758 kPa (400 psia) to 

psia). At high Pc, chamber diameter, element quantity 
and ERE decrease as indicated in Tables XXI and XXII, resulting in lower per- 
formance. 


potential Isp improvements attainable by utilizing more 
efficient injectors are indicated. by the dotted curves. More efficient 
injectors can lie achieved, by improved element design or by use of a larger 
quantity of smaller elements per unit area of injector face. The real injec- 
tor prediction lines are based on 0,93 elements/cm^ (6 elements/ in. 2) 
surface face. Another approach to improving the injector efficiency by 
adding elements would be to keep the element density fixed and increase the 
chamber contraction ratio to allow more elements to -be packaged. 


injectors for 

Thrust, F 
N (IbF) 

The respective 
cool able chambers 

Injector MR 

maximum LOX/LCH 4 isp for real and ideal 
are compared in the following table: 

Chamber Pressure, Pc Isp, 

kPa (psia) sec Cool i no 

4448N (1000) 

Ideal 

3.5 to 4 

551 5N (800) 

383 




Real 

3.5 

2758N (400) 

375 

Fuel or Oxygen 

1779N (400) 

Ideal 

3.5 

2758N (400) 

380 



Real 

3.5 

2758N (400) 

371 

Dual -Regen 

445N (100) 

Ideal 

3.5 

2758N (400) 

377 



Real 

3.5 

2758N (400) 

362 

Dual -Re gen 


Real 

3.5 

2758N (400) 

356 

Oxygen 
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V, C, Perfonnance Sensitivity (cent.) 


made: 


3. Performance Conclusions for LOX/Methane 

From these data, the following general conclusions may be 


* The peak performance generally occurs at a mixture 
ratio of 3.5 + 0.5 for LOX/methane. 

“ When real injector effects are considered, maximum spe» 
cific impulse is obtained at the Intermediate chamber 
pressure levels [2758 kPa {%400 psiaj] except for the 
low- thrust [445N (%100 IbF)] high chamber pressure 
condition. In all cases, maximum specific impulse is 
obtained at the maximum steady thrust level [6894N 
(1000 IbF)]. . 

** When higher-efficiency injectors become available, the 
maximum Isp.will occur at the highest cool able chamber 
pressure. 
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APPENDIX A 


SIMPLIFIED THERMAL MODEL 
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APPENDIX A 


I. Introduction 

U— Thermal Design Model and Inputs 


1. 

Modified Channel Thermal Design Program (SCALEF) 

2. 

Gas-Side Heat Transfer 

3. 

Attachment Area Ratio for a Radiation-Cooled 
Nozzle Extension 

4. 

Engine Contour 

5. 

Channel Design Constraints 

6. 

Propellant Properties 

7. 

Coolant Correlations 

8. 

Coolant Limitations 
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Lamlnarizatlon and Transition Flow 
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(1100"F) 

Effect of- Chamber Pressure on Pressure Drop and 
Channel Aspect Ratio with Supercritical Oxygen as 
Coolant 

Unique Design Requirements for Regeneratively Cooled 
Chambers at Low Thrusts and High Chamber Pressures 

Sensitivity of Channel Design Characteristics to 
Throat Land Width 
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1 . 


INTRODUCTION 


The primary objective of the Task I thermal analysis effort was to 
Identify candidate cooling concepts and to develop a simplified thermal 
design process. The resulting design model for regeneratively cooled cham- 
bers Is capable of providing preliminary designs for a wide range of design 
variables with a simplified input and at lower computational cost per case. 
Cooling analyses utilizing any of the three candidate fuels, oxygen, or com- 
bined fuel and oxygen cooling are possible. 

The objectives of Task II were to evaluate the thermal model, and the 
selected design criteria by performing preliminary regenerative cooling chan- 
nel design studies on the. LO 2 /RP-I system. Thrusts of 667, 1779. and 3U4N 
(150, 400 and 700 IbF). Pc's of 689, 2758 and 5515 kPa (100, 400, and 800 
ps.1a) were studied at mixture ratios of 2 and 4 as specified In the contrac- 
tual statement of work. These calculations resulted In chamber geometric 
proportioning criteria, such as contraction ratio Cr, and other specifica- 
tions used to complete the balance of the study. 
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II. 


.model^ and inputs 


development and verification of analytic models (TASKS I AND II) 

was to ™odIfJ''«)st(ycSuter*theLaf^*''?™“' “"Rlysls effort In Task I 
mated optimization of^channef desion vLJasi®" to provide ( 1 ) auto- 

the maximum heat fljix point and critical locations -- 

simplification of comDutationai temperature point — and i?' 

of engi ne de?igS vaffiles^arJiJ^mJj^JSst fn facilitate parametrl’c studies^ 

sfOP.fIcant ?eat„res‘a“:S';‘J’r;ar[SiLrr;r^S%‘:?r"‘‘ 

Mo^He^^^nel— Ther mal Design Program (SCALEFl 
radiation-cooled chSrf IrdeSiaerirFiLrA*^^ 

performing mass transfer cooHnn a this study, lower 

advised only when a regenerativl’coolfnJMU™ transpiration cooling, was 
”®t be developed. The meeting thermal cri- 

boundary l^er laminarization effects accounted for 

deposition) was not included in the modei°°l stance (hot-wall carbon 
assumed. A manufactured thermal i-inav clean chamber wall condition wa« 
employed to reduce tSrchimS Jell a specified resistance was ' 

load to the coolant was excessive sirh the total heat 

cylindrical chamber region wher^thP^St I?®'** only to the 

’ “f">PH«ed ?wS!dLlsIo”l ’’'C “P 

A-Z. The coolant film resistance was ha«r«« ^ effect, as shown in Figure 
Hons for singlo-phoso fluid in fo™ld conJecttonT"'’ ‘ 

program to facilitate "plJaletric’thsrl^r*'*’? ''“*9" feasibility 

set of this study effort. The recognized from the'^on- 

A-l), provides the following features: ^ ^ ^CALEF (documented in Ref. 
directly from hot-gas heat transfer coefficient is calculated 


Cg DB (Tf) [Wj F 20 (Te/Tf)]0*® g-1-8^ 
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II, Summary (cont.) 


with the film temperature defined as 0.5 {T- + T„n) and 08 being the 

properties Victor.* The Cq's are 
'■***'’ '“"“'’•sent section) and^ss stttion- 
L parameter reflects the combined effect of 

^ “ ® pressure gradients. Lamlnarizatlon criteria and syn- 

reversc transition regime are Identical to previous analyses 
employed In Contract NAS 321940 (documented in Ref. A-2).^ These criteria are 
based on a nxeu convergence* angle of 30 dearees an/i were not altered foJ 
this program even though a slightly larger a'ngle of 40 degrees «ru 1 ed? 

4 . 4 : 4 . 1 . Simplified chamber contour and station definition ner- 
parameteJs ratio through use of dimensionless contour^ 

Sated^fn+pmSfiu^r convergent section geometries are gen- 

specified contraction ratio, convergence^ 
angle, and three dimensionless radii of curvature (cylindrical to conical 

downstream). The number^of s^bdlvIslonrlS the 
barrel, in the curve at the start of convergence, and at the conical section 

beIl*S«zlo!“ ‘“'"■S'*"* * staled RaJ co";;“Jo“fgM 


■I 1 ^ Addition of the two-point design option orovidps an 

solution to optimum channel size and quantity for minimum pressure 
JnnKtl” nexpensive fashion. This option requires the fono^nc 

tiai^^AriAi* ® Channel width, (b) the nozzle land width at the 1 t1-' 

tial (coolant Inlet) station, and (c) the land width In the throat reoion' 

(nomally the maximum heat flux point). The throat channel width and^tho 
land and channel widths in the cirlindrical barrel wetiSn arre^eSutp^^ a 
1 cooling system Is assumed, with the first point 

located In the constant channel width section (normally at the maximum flu* 
point) and the second point located In the barrel Tno^ally at ?he SlmJr 
bulk temperature location). The coolant bulk tempUture at each s?JJiSr<c 

knlin energy balance method based on the difference between the 

known gas temperature and the desired wall temperature throL ^irtrjp;? 
transfer coefficient, and the coolant flowrSe IJd SJo^ertief^^T^ l! 
accomplished without concern for the cooling channel g^metry at stations 

trsiuiiiteSV,"' 

0.026 (4/i)0.0 ^ 0.2 Cp Pr- 0.6 (e»j)ujte 4 at the bulk temperature). 
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channel width and the corresponding number of channels to satisfy wall 
temperature criteria. At Point No. 2, a similar calculation of the land 
width and corresponding channel width is performed by using the number of 
channels defined for Point No. 1. 


In these calculations, the channel depth is related to the 
channel width at each point by a specified constraint. Three options are 
provided for this constraint: 


(U Channel Aspect Ratio (Depth/Width) 

(2) Coolant Mass Velocity 

(3) Friction Pressure Gradient 

In this study, the first option (specified d/w) was selected as the design 
constraint. * 


2* Cas-Side Heat Transfer 


Boundary layer laminarization, specification of the experi- 
mental Cg profile employed to characterize the gas-side coefficient, and 
consideration of carbon deposition from hydrocarbon propellants were 
addressed in modifying the SCALER program. 


a. Gas-Side Boundary Layer 

Throat Reynolds numbers in the present low- thrust study 
cover a range which yields three distinct boundary layer flow regimes as a 
result of flow acceleration in the convergent section. At high Reynolds 
numbers, the flow remains turbulent and, as shown in Figure A-3, heat trans- 
fer coefficients are calculated from a standard pipe- flow correlation. The 
dip shown in the turbulent correlation coefficient accounts for the effects 
of flow acceleration. At low Reynolds numbers, acceleration effects are 
strong enough that the boundary layer undergoes a reverse transition to lami- 
nar flow. At moderate Reynolds numbers, the reverse transition process is 
started but not completed, and the throat boundary layer is in a transition 
state. These regimes are shown in Figure A-4, in which the solid curve gives 
the throat Stanton number as a function of the diameter-based Reynolds 
number. The reverse transition regime spans the Reynolds number range of 
u ^ f'ange, as well as the coefficient of the lamlnarized 

characteristics and the shape of the transition curve, is based on References 
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Figure A-3. Gas-Side Heat Transfer - Turbulent Regime 
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II, Summary (cont.) 


Figure A-4 also illustrates the calculation procedure 
used upstream of the throat when reverse transition, or complete laminariza- 
tion, occurs at the throat. Consider first the laminarized case with the 
throat at Point No. 1. A laminar boundary layer analysis {Ref. A-5) is used 
to predict the Stanton number upstream of the throat. This analysis employs 
a length-based Reynolds number, with the effective starting point of the 
laminar boundary layer calculated such that the predicted throat Stanton 
number equals the empirical value from the solid curve of Figure A-4, i.e.. 




-0.5 


0.4 Ref^ 


-0.5 


This boundary layer analysis applies downstream of the point in the conver- 
gent section where the local turbulent and laminar Stanton numbers are equal, 
i .e.. 


Cg Ref‘°-^ = Cx Rex‘°*^. 

The Cg employed is the local turbulent correlation shown in Figure A-3. 


When the throat Reynolds number is in the reverse tran- 
sition region, as illustrated by the vertical dashed lines in Figure A-4 at 
Ref 10 X 105, a fictitious laminar boundary layer analysis, based on 
an extension of the laminarized throat characteristics, is used. In this 
case, the boundary layer analysis is forced to match the fictitious Stanton 
number at Point No. 2 in Figure A-4. Local heat transfer coefficients are 
then calculated by weighting the laminar and turbulent coefficients as 
follows: 


h 


9 


^9l 


St - S ^ 
St - sl 



s - Sl 
St - Sl 


in wf 'ch S is the actual throat Stanton number, while St and Sl are the 
throat values obtained by extension of the turbulent and laminar characteris 
tics, respectively. These three Stanton numbers are identified in Figure 
A-4. 


The reverse transition region limits, defined in Figure 
A-4, divide the F-Pc box of interest herein Into three regions, as shown in 
Figure A-5. It is apparent that only a very small region at high thrust and 
high chamber pressure results in turbulent flow in the throat boundary laiyer 
for hydrocarbons and even less for hydrogen. Furthermore, much of the oper- 
ating box of interest is in the fully laminarized regime. 
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b. Gas-Side Carbon Deposition 

Carbon deposition on the gas-side walls of rocket 
thrust chambers is not well -characterized, with experimental data indicating 
a high degree of dependency on injector design and hardware and operating 
conditions. In this study, no credit for reduction in heat load to the cool- 
ant was taken on the basis of this mechanism. However, it was postulated 
that a thermal resistance liner could be used in the cylindrical section when 
high barrel heat loads result in an unacceptable coolant bulk temperature 
rise. 


3. Attachment Area Ratio for a Radiation-Cooled Nozzle 
IxtensToh ^ ~~ ~~ 


The area ratio at which a radiation-cooled nozzle extension 
can be attached was calculated by assuming 1786“K (2755*F) as the operating 
temperature for the skirt material. Predicted wall temperatures were based 
on the simple energy balance: 

^9 lTa„ - T„g) = oc (1 + f^l {T„g)4 

in which — 

e » coating emissivity (typical value = 0.85) 

fi = Internal view factor to end planes from an axi symmetric view 
factor program 

The proper attachment area ratio is calculated separately 
for each propellant combination and operating point. Model checkout calcu- 
lations for LOg/RP-l at mixture ratios of 2 and 4 showed the attachment 
area ratio to be primarily a function of Pc (i.e., heat flux) and to be 
insensitive to HR and thrust, as shown in Figure A-6. At chamber pressures 
below about 689 kPa (100 psia), temperatures were below (2700®F), 

permitting full wall chamber cooling by radiation alone. At the maximum Pc, 
the attachment area ratios for a radiation-cooled skirt are in the 40:1 to 
50:1 range. 


Engine ^.ontour 

a. Chamber Contour Selection 

^ ^ The basic nondimensional chamber contours used in this 

stu<v are shown in Figure A-7. The convergent section contours were selected 
to minimize boundary layer turbulence within the limits of standard design 
practice. This goal dictates the use of a large convergence angle with a 
conical section of sufficient length. Therefore, a 40* convergence angle, 
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Figure A-6. Attachment Area Ratio for Radiation-Cooled Skirt 




II, Summary (cont.) 


along with a radius of curvature at the start of -convergence large enough to 
prevent flow separation ancUocal perturbations In the local heat-transfer 
coefficient, was selected. 

b. Nozzle Contour Selection 

A standard nondimensional contour for a 400:1 area 
ratio, 85% t?ll nczzle was selected. The cooled surface area, length, and 
local diameter are proportioned to the throat diameter calculated for the 

specific thrust, pressure, and mixture ratio, using preliminary Isp and Cc 
values. V r r 


c. Minimum Contcaction Ratio 


, , ^ The sensiti^'ity of attainable specific impulse, chamber 

L , and Chamber heat flux was assessed for the LO2/RP-I propellant combina- 
tion at ft mixture ratio of 2 and a chamber pressure of 6894 kPa (1000 psia) 
The results of this analysis are shown in Figure A-8. All three parameters 
benefit as the contraction ratio is increased from the 3.3:1 value utilized 
in the earlier study (documented in Ref. A-2). Practical considerations 
regarding engine size and injector/igniter design and fabrication resulted in 
a recommendation of a minimum contraction ratio of 8:1. 

d. Minimum Chamber Diameter 

At low thrusts, increasing the chamber pressure results 
In smaller throat diameters. For examole, for LOp/RP-l propellants at 
F = 445N (100 IbF) and Pc = 6894 kPa (1000 psia), a throat diameter of 0.62 
cm (0.244 in.) is calculated. For a contraction ratio of 8, Che resulting 
chamber diameter would be only 1.75 cm (0.690 in.). This is not considered 
realistic for the following reasons. 

, ^ Injector design requires a centrally located igniter 

for the non-hypergolic propellants and. for combustion efficiency, two con- 
centr’c rows of injector elements. The igniter requires a flow area encom- 
I throat area, but with a diameter not less than 0.152 cm 

(0.06 in.). A thrust per element ranging from 26. 7N (6 IbF) to 44. 5N (10 
IbF) was considered along with a minimum element density of 0.93/cm2 
(6/in. ). Packaging and manifolding of this minimum-size injector resulted 
in an injector diameter of 3.81 cm (1.60 in.) which dictated the contraction 
ratio at many design points. 


Consequently, the study philosophy was to design cham- 
bers with a contraction ratio of 8:1 until the minimum chamber diameter of 
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3,81 cm (1.50 1n.) was reached. This, then, became the limiting constraint 
with increasing Pc and as the contraction ratio was increased as required. 

For the case noted above, the resulting contraction ratio was over 37: U 

5 . Channel Design Constraints 

A basic coolant channel configuration currently employed for 
regeneratively-cooled designs utilizes rectangular coolant passages milled in 
a. zirconium-copper Hner with an electroformed nickel closeout. This type of 
construction minimizes cooling problems at higher chamber pressures and maxi- 
mizes fin effectiveness 1n hlgh-conductivity metals In transforming the gas- 
side heat flux to a lower cool ant- side flux. These channel -walled chambers- 
normally extend to the area {c^) at which a radiation-cooled nozzle can be 
utilized. At the lower chamber pressures, however, approaches the 
throat (Figure A-6). In order to eliminate a flange near the throat station 
for these cases, the nozzle cooling channels are extended to an area ratio of 
6:1, dt which point fabricabllity methods for joining the nozzle extension to 
the cooled chambers are straightforward. 

a. Creep and Cycle Life Considerations 

The designs considered are based on a service life of 
five full thermal cycles times a safety factor of four. The maximum chamber 
wall temperature Is limited to 811"K (1000“F) and the temperature differen- 
tial between the Zr-Cu ga--side and Ni closeout 1s 700“K (800®F). This 
results in a maximum strain of not over 1.6% for each cycle. The equations 
built Into the program allow slightly higher strain levels if the gas-side 
temperature Is less than 81 PK (1000®F). 

b. Channel Dimensions and Geometry 

Conventional fabrication technology limits assumed In 
past studies restricted the minimum channel widths and depths and the minimum 
land width to about 0.076 cm (0.030 in.). The maximum channel aspect ratio 
( depta/width) is typically 4 or 5, again based on machining limitations. 

With these restrictions, as reported in Reference A-2, only limited regions 
of the F-Pc map could be shown to have cooling feasibility. No limits based 
on fabrication considerations were specified for these variables in the 
present study. However, minimum channel dimension of around 0.013 to 0.025 
cm (0.005 to 0.010 in.), depending on the coolant, are suggested due to a 
plugging potential and the limits of coolant filtration. 

The allowable gas-side channel width-to-wall thickness 
ratio requirements for Zr-Cu are shown in Figure A-9. The design program 
utilizes the input wall thickness unless the gas-side wall temperature 
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Figure A-9. Allowable Channel Aspect Ratio as a Function of Hot Gas-Side 
Wall Temperature for Zr-Cu Aged at 867°K (1100°F) 


II, Summary (cont.) 


requires use of a thicker wall for structural reasons, based on a wall- 
thickness-to-channel -width ratio for the respective pressure and temperature. 
Actual pressure differentials across the hot wall and hot gas-side wall temp- 
erature material strengths are used in the program to determine wall thick- 
ness at each station. 


The calculations of Task II indicated that the required 
cooling channel width at the throat with either RP-1 or oxygen as coolant 
would be significantly less than the conventional minimum width of 0,076 cm 
(0.030 in.). In addition, high-aspect-ratio channels are required for oxy- 
gen. The high cooling surface attained by high aspect ratio channels more 
than compensates for the reduced heat transfer coefficient as velocity is 

decreased, particularly at high chamber pressures. These trends are illus- 

trated in Figures A-10 and A-11. 

Figure A-Il also illustrates the effect of increased 
wall thickness on the flux transformation for low-thrust, high-Pc engines. 

The coolant-side flux is appreciably reduced by the radial dimension effect 
on these small engines. 

Also evaluated was the effect of varying land width 
over a range from 0.030 to 0.089 cm (0.012 to 0.035 in.) with RP-1 as the 
coolant. As throat land width was increased, the number of coolant channels 
decreased and pressure drop increased. Fabrication and structural considera- 
tions led to the selection of a minimum land width of 0.063 cm (0.025 in.) 
for this study (Figure A-12). 

c. Coolant Flow Arrangement 

A single-pass, counterflow regenerative-cooling config- 
uration was selected as the preferred cooling concept. Both the fuel and the 
oxidizer were evaluated with the coolant inlet located at the radiation- 
cooled extension attachment point. This type of cooling arrangement, termed 
"single-regen" cooling, can become bulk-temperature or pressure-drop-limited 
as th- fluxes increase with increasing Pc and as the flow decreases with 
reduced thrust. Cooling with both propellants in series, termed "dual- 
regen" cooling, provides an increased heat load capability. For the LOX/RP-1 
propellant combination, fuel cooling was considered from the attachment point 
to an area ratio of 6:1 (based on manifolding requirements). Oxidizer cooling 
was utilized from this point through the high-flux throat region to the 
injector in order to avoid coolant-side fouling possible with RP-1. In some 
cases, a thermal barrier or liner in the barrel was utilized to reduce the 
bulk temperature rise of the coolant. 
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F’gure A-11. Unique Design Requirements for Regenera tively Cooled 
Chambers at Low Thrusts and High Chamber Pressures 
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II, Summary (cont.) 


d. Coolant State 

MAS :.V" 

e. Coo1ant~Stde Wall Temperature 

, , Two oT the Tour coolants studied reoulred a limit tn 

coolant-side wall temperature. Both hydrocarbon fuels RP-1 
and methane, thermally decompose or "coke " The ^ 

deposit fonnatlon with RP-1 is approximately 561“K (550®n i 

Coking of methane does not limit channel design as the thermal dt omnnci+inn 
range is estimated to be 1033-1367‘'K (1400-2000»F), well abSJe the^Slf^ 
temperatures allowed by life cycle and creep considerations? 

Show, no evfOenoo of 

rate becomes pronounced at a temperature of 755“K (900*F). in this stud^^it 

f. Coolant Outlet Temperature 

jj .. , maximum allowable coolant bulk temD^ratnv'o ic 

.Lr coo1.nt-s1de wolf ?™fefa”Sfe d“fcu»od 

temperatures limited to 561 and 589®K (550 and 600*F1 
respectively, for RP-1 and oxygen, rule-of-thumb allowances for the wall. to 
?350 3^250®?)® and density changes determined 450 and 394*^ 

?s!iro4f ?rrffortf5af"fsr"\o7^'™‘;? 

g. Coolant Velocity 

jaxim* acceptahlo f1o?d° «fo7f;*w«l?>'pe7^r;ied7o^"xco"3 rf,7f-„fl‘ 
takertS^be'ei m/r(loo”tAec)!'^“^‘^ liquid velocity was 
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h, Channel Pressure Drop 

The acceptability of the magnitude of the cooling 
channel pressure drop 1s largely a function of system considerations which, 
as such, are beyond the scope of this 'tudy. However, since coolant pressure 
drop Is a primary factor In assessment • any design, It was necessary to 
specify a limiting value for pressure loss for each coolant In order to 
arrive at a reasonable acceptability bound for each. The minimum channel 
outlet pressure was prescribed by the allowable pressure drop across the 
Injector, defined as Coolant channel pressure drops were specified 

as follows: 


“ LOg/RP-l 

System power balance studies for oxygen cooling of 
turboalternator expander cycle engines led to a specification for APma« for 
oxygen of 1722 kPa (250 psi). Since RP-1 became bulk-temperature-Hmlted in 
most cases, a maximum dP criterion was not necessary. 

® LO2/LH2 

A preliminary selection of 1722 kPa (250 1) for 

the allowable maximum pressure drop for either hydrogen or oxygen became 
unnecessary as hydrogen Tip's were much lower and oxygen Is not Indicated as a 
coolant for this propellant combination. 

* LO2/LCH4 

With either or both propellants as coolants, the 
allowable pressure drops were based on a preliminary power balance analysis 
of a mixed expander/turboalternator cycle. Cooling channel outlet pressures 
were maintained supercritical. Minimum coolant channel pressure drops were 
functions of Pc as shown in Figure A-13. 

6. Coolant Properties 

The thermal coolant channel design analysis program requi"es 
both coolant thermodynamic data (density, enthalpy, specific heat, and sonic 
velocity) and transport data (thermal conductivity and viscosity) as well as 
saturation pressures and temperatures. Standard NBS properties were employed 
for oxygen, hydrogen, and methane. Property data for RP-1 were Intensively 
reviewed, and the results are reported in Reference A-7. 

7. Coolant Correlations 


Coolant heat transfer correlations for single-phase fluids 
In forced convection are semi-empirical; consequently the usual uncertainties 
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regarding their use beyond the range of supporting test data must be con- 
sidered. The critical points, normal boiling points, and typical temoera- 
tures for the four coolants of interest are presented below; ^ 


Crit. Press., kPa (psia) 5102 (740) 


Crit. Temp, “K ("F) 

NBP, “K (“F) 

Typical Inlet Temp., 
“K rf) 

a. 


154 (-182) 
90 (-298) 
90 (-298) 


^P-_l Metha ne 

2172 (315) 4598 (667) 

677 (758) 191 (-117) 

490 (422) 112 (-259) 

289 (60) 112 (-259) 


Hydrogen 
1296 (188) 
33 (-400) 
21 (-423) 
21 (-423) 


0>^gen 




-0.5 


O.F 


Nu. 


Nu^ 


S' 

Sb' 


0.67 


(H 

\ cn t/ 


0.2 


■■■MS (S 

where Nu^ef * 0-0025 Re^ PrjjO-4 
Over 951 of the data used fits this equation within +30% (Ref. A-8). 

b. RP-l 

j forced convection characteristics of rp-i 

(OECH) wer, predicteAy tte 

HUb * 0.0055 Reb0*95 ppj^O.4 

c. Methane 

, j .. . transfer to methane at supercritical Dressii»*oc wac 
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0.90 


0.4 


NUl 


0.00545 Rejj 
0.53 


Pr. 




0.11 


0.27 


0.23 


(■^) (?) C • 

d. Hydrogen 

Hydrogen as a coolant in the supercritical pressure 
range is characterized by the Hess and Kunz correlation of Reference A-11: 


Nu^ = 0.0208 


_ ‘^f J 


0.8 0.4 _ 

Pr. 


(1 + 0.01457 \ 

Vu 


The correction factor below for tube curvature effects, as developed in 
Reference A-12, was a pplied to all of the above correlations: 


2 1 

ICa) : 


.05 


where : 


he 

hs 

Re 

D,, 


» coefficient corrected for curvature effects. 

» straight- tube coefficient 
* Reynolds number 
s Channel equivalent diameter 
= Radius of curvature 

8» Coolant Limitations 


Of the four coolants studied, only hydrogen does not possess 
an Innate chracteristic which limits its use in regenerative cooling. 


a. Oxygen 

As discussed in Section 11.5.e, copper is subject to a 
significant rate of oxidation at wall temperatures estimated at 589*K 
(600V). 
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b. RP-1 

Thermal decomposition of RP-1 Umlts this coolant to 
wall and bulk temperatures of 561 ’ 

Sred';n'rbn“2t5J;^?hrSrJi^ of & »y biological and 

chemical reactions must also be considered. 

c. Methane 

Although the coking 

,1300-F) is above copper !"*«’ ‘S'^rs^nsUTl^t ofbuU dfns?^ 
«ra“lSi%«l“p’efslr?delreases and temperature Increases, constrains the 
channel design process...... 
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I. INTRODUCTION 


T-ci.* documents the performance modeling conducted during 

it Pi^ogram. Included in this appendix is a brief 

performance prediction methodology, calibration techniques 
relating to the energy release and boundary layer losses, and a presentation 
nL«f sensitivity analyses relating to the Impact of chamber 

pressure, thrust, and mixture and area ratio on predicted delivered specific 


The overall objectives of the Task I and II performance studies were 

Task I - Calibrate simplified analysis techniques and select 
chamber geometry criteria 

* Contraction Ratio 

® Length 


Task II 


Define area ratio and mixture ratio influences on the 
attainable specific Impulse of LOX/RP-1 and the recom- 
mended study ranges for Task III 


1 1 . SUMMARY 


A. PERFORMANCE MODEL OESCRIPTIOM 


*u P! Pe<"fonnance model was based on simplified JANNAF techniques, 

then calibrated to existing engines and/or uore rigorous analytical tech- 
niques. This model yields reasonable performance trends and Is Inexoenslve 
to run.- ^ 


u P»'edicted delivered specific Impulse (IspDEi) was obtained 

by calculating the Influence of known mechanisms that degrade the Ideal 
(IspodeJ performance. These efficlencles/loss mechanisms were divided Into 
five major categories: energy release efficiency (here), reaction kinetics 
efficiency (hk). two-dimensional divergence efficiency {non), loss due to 
the thrust decrement within the boundary lai'er, and loss due to film cooling. 

A computer program had previously been developed to help facili- 
tate parametric analysis by representing each loss mechanism In a subroutine 
with the appropriate data base. 

During Task I, a Priem vaporization model (Ref. B-1) and emplr- 
Ical mixing loss correlation for LOX/RP-l were Incorporated Into a subroutine 
which endbied the ERE to be internally cdlculated. The vaporization model 
using data from the NASA-LeRC OFO triplet engines (NASA TM 
pPODE obtained using the Two-Dimensional 

Kinetics Program (TDK), Reference B-2, and tabulated over a range of condi- 
tions that would encompass those desired for this analysis. 

Jl?® efficiency was obtained by comparing the one- 

dimensional kinetics specific Impulse (Ispoqk) to the Ispoo? (hk = 
^®PODK/Ispode). The two-dimensional efficiency was obtained from charts 
which gave the n2o optimum Rao nozzles as described In Reference B-3. 
These charts were tabulated to facilitate their use In the performance pro- 
gram. The performance loss due to boundary layer development was obtained bv 
Implementing the turbulent boundary layer chart procedures also given In 

procedures were modified to Incorporate the results of 
the BLIMP analysis conducted during Task I (Ref. B-4). The boundary layer 
efficiency was calculated by assuming an adiabatic wall chamber and propel- 
lants at the tank enthalpy levels. Past analyses have shown this approach to 
be quicker and to result In the same efficiency predictions as the more 

calculatlog the enthalpy loss to the regen coolant, then 
finding a new Ispqoe using the Increased propellant enthalpy. 

performance model also Includes a subroutine to calculate 
film-cooling efficiency. If required. Film-cooling efficiency ts calculated 
by ratloing the mass weighted performance for the core and coolant stream 
tubes by the performance at the injector mixture ratio. The performance 
mathematical modeling (loss accounting) Is consistent with the JANNAF simpli- 
fied procedures specified In CPIA 246. 
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II, Summary (cont.) 

{ 

i 

B. CALIBRATION AND SENSITIVITY STUDY RESULTS j 

( 

T^e energy release efficiency was calibrate^ to the NASA-LeRC OFO 
triplet LOX/RP-1 engine. The measured performance {% C ) of this engine ! 

was 99. the parametric model prediction was 99.0%. The boundary layer ; 

loss used in the model was calibrated to BLIMP analyses and resulted in 
thrust loss correction factors from 0.4 to 1.2, depending on engine throat 
Reynolds number. The range cf ODE specific Impulse and various performance 
losses for LOX/RP-1 and area ratios of 10 to 1000, chamber pressures of 276 
to 5515 kPa (40 to 800 psia), and thrusts of 667 to 890N (150 to 200 IbF) at , 

mixture ratios of 2 and 4 are shown in the following table: 

RANGE OF COMPONENT PERFORMANCE LOSSES 


RANGE 


ODE Specific Impulse 
Kinetic Loss 
Divergence Loss 
Boundary Layer Loss 
Energy Release Loss 
Film-Cooling Loss 


(300 - 380 IbF-sec/lbm) 
2 - 15% 

0.1 - 1.5% 

0.3 - 4.0% 

0.2 - 12 % 

0 - 10 % 


As can be seen, the kinetic loss represents the largest potential performance 
decrement. However, both the energy release loss (vaporization and mixing) 
and the cooling loss are also potentially large losses. These can be con- 
trolled (to some extent) by engine/injector design. 

During the Task I study, the chamber contraction ratio (CR), 
length (L'), and propellant temperature were evaluated. The results of these 
studies, based on element packaging and performance considerations. Indicated 
that a minimum contraction ratio of 8 or minimum chamber diameter of 3.81 cm 
(1.5 in.) is necessary for good performance (ERE ^95%). Also, It was con- 
cluded that this performance level was compatible with the recommended 
(regenerative) cooling schemes. Further, heated fuel (RP-1) was predicted to 
yield significant performance Improvements. Based on these analyses, an 
Injection element density of 0.93 cm2(6/1n.2) (OFO triplets) was selected 
as both yielding good performance and being In the current range of state- 
of-the art design practice. 


During the Task II study, three engines with thrust/chamber pres- 
sure ratios of 667/276, 2660/2068, and 3113/5515N/kPa (150/40, 600/300, and 
700/800 IbF /psia) were evaluated at mixture ratios of 2 and 4 over an area 
ratio range of 10 to 1000. This study resulted in chamber lengths of 14.73, 







189 


II, B, Calibration and Sensitivity Study Results (cont.) 


12.7, and 10.41 cm (5.8, 5.0, and 4.1 In.), respectively, for the three 
engines. These lengths were within the regenerative cooling capability enve- 
lope (with LOX or LOX + RP-1) and resulted In predigtid energy release e 
clencles of 97.4 to 100%, 

In addition to regenerative cooling, radiation and thermal bar- 
rier (0/F control) cooling were Investigated. These cooling techniques 
result In lower performance than the regeneratively cooled cases at equiva- 
lent lengths, but performance could be Improved by using longer lengths. The 
area ratio survey indicated approximately a 1% Isp increase with each 
doubling of c above g - 200:1. Since good experimental data exist at a 400:1 
area ratio (Ref. B-5), this area ratio (g » 400:1) was recommended for Task 
III analysis. The mixture ratio survey Indicated the mixture ratio for max- 
imum delivered specific Impulse to be between 2Jl_dnd 3.0. 
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III. TECHNICAL DISCUS SION 
A. TASK I - ANALYSES 

1 . Model Formulat'ton and Calibration 

The simplified performance model formulated for this phase 
of the study was structured to fulfill the following four requirements; 

® Represent state-of-the-art technology with regard to 
computer codes and modeling assumptions. 

** Be sufficiently detailed to allow realistic trends of 
performance with both engine design and operating vari- 
ables. 

® Be amenable to parametric analysis (l.e., easy to Input 
and fast to run), 

* Be capable of being calibrated to known data or more 
rigorous analysis In those areas where current state- 
of-the-art simplified techniques were deemed Inade- 
quate. 

The performance model uses the one-dimensional equilibrium 
specific Impulse as the reference performance. Fr<mi this reference perform- 
ance, the various performance losses are subtracted to yield the predicted 
specific Impulse. The performance losses considered and the codes used are 
shown In Figure B-1. The mathematical modeling (loss accounting) Is shown on 
Figure B-2. This loss accounting Is consistent with the JANNAF recommended 
techniques of Reference B-6. The two performance losses requiring special 
consideration In order to provide sufficient accuracy for meaningful perform- 
ance trends were the energy release loss and the boundary layer loss. 

a. Energy Release Loss Model 

The energy release loss model can consider both 
varpo'-lzatlon-llmlted and mixing-llnited performance. The vaporization- 
limited combustion model uses the work of Priem (Ref. 8-1) to model the 
Impact on engine performance due to Incomplete propellant vaporization. This 
loss accounts for both the effects of a total mass flow rate defect and the 
significant Increase (shifts) In combustion mixture ratio compared to overall 
injector mixture ratio as a result of the vaporization limitation. A mathe- 
matical representation of the vaporization loss Is given In Figure B-3. For 
LOX/RP-1 propellants, the vaporization model uses an empirically derived 
reduction In atomization efficiency by applying a 1.5 factor to the propel- 
lant droplet size. The mixing efficiency component of the energy release 
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MatTieniatical Modeling (Loss Accounting) 



NOTE: All officle.cles arc thrust ratios; losses arc (1 - efftetericlos) 

M = Mass Flowrate ~ '*■ Mp + Mg 

S]^BSC^PTS 

1»2 « stream Tubes 1 and 2 (Core) 

B = Barrier Stream Tube 
V = Vaporized Property 
T = Total Property 

Figure B-3. Performance Efficiency Definitions 


Ill, A, Task I «• Analyses (cont.) 


model considers the influence of element size, element spacing, and engine 
size by using ALRC-devel oped empirical correlations derived from engine test 
data. The Influence of element size Is modeled within the code as the Impact 
of hole size tolerance on Interelement mixture ratio distribution. For a 
fixed orifice tolerance, the magnitude of possible element-to-element Injec- 
tion mixture ratio maldistribution Increases with decreasing orifice size. 

The Influence of element spacing on propellant core mixing efficiency Is pro- 
portional to the ratio of chamber length to the product of contraction ratio 
and thrust per element raised to a power. Thus long chambers with small, 
densely packed injection elements result In predicted high Interelement mix- 
ing efficiencies within the core. The engine size modeling considered the 
ratio of active Injector core area to total Injector area. Thus large Injec- 
tors with a high ratio of active pattern-to-total -Injector area yield a 
higher potential mixing efficiency than smaller Injectors due to reduction of 
barrier or fringe mixing Inefficlences. Mixing loss Is generally a small 
decrement to energy release efficiency, and the approach used herein has been 
found In previous programs to be conservative. I.e., to overpredict the mix- 
ing component of the energy release loss. The energy release model also con- 
siders the Impact of the vaporization and mixing losses on the kinetic spe- 
cific Impulse. The operating and design parameters which Influence the 
energy release loss and which may be evaluated with the model Induce the 
following; 

Chamber Length Element Type Propellant Temperature 

Chamber Contraction Ratio Element Size Injection Velocl^ 

Nozzle Expansion Ratio Propellant Type Cha.iiber Pressure 

Mixture Ratio 

Basically, the performance program Input Is the desired 
chamber pressure, mixture ratio, propellant combination, element ^pe, 
element density, expansion and contraction ratios, chamber and nozzle 
Inngl.hs, and reference engine vaporization data. The program Iterates to 
determine engine size (throat radius) and performance, using a 0.2% energy 
release closure criterion. The following guidelines for the LOX/RP-1 engine 
resulted from preliminary Investigations; 

Geometry 

Minimum Chamber Diameter - 3.81 cm (1.5 In.) 

Minimum Injector Orifice Diameter 0.025 cm 

(0.010 In.) 

Injection Element Density 0.93/cm^ (6/1n.^) 

Element Type OFO Triplets, or Equivalent 

3.23 cm2 {q.b m.2) Igniter Area In Center of 

Injector 

85% Bell Nozzle 
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in. A, Task I » Analysis (cent.) 


“ Operati ng Parameters 

Injector Pressure Drop » Pc^*^^ 
Vaporization-limited and Mixing-Limited Com- 
bustion Efficiency 

0.2% Closure on Performance Iteration Loops 

Cooling Loss Model Consistent with Heat Trans- 
fer Assumptions Using Mass-Weighted Film Cooling 
and Core Stream Tubes 

All Other Losses as Defined in Simplified 
Procedure of CPIA 246 

The energy release loss model was calibrated to the 
NASA-LeRC LOX/RP-1 OFO triplet engine described in Reference B-7. The per- 
tinent engine parameters and calibration results are shown on Table B-I. 

These data show excellent agreement of the predicted parametric model per- 
formance (%C* = 99.0) to the measured value (99.1%). 

b. Boundary Layer Loss Model 

The purpose of this work was to qualify the simplified 
procedure (TBL chart) used for predicting performance loss due to boundary 
layer development. This was accomplished by comparing TBL (turbulent bound- 
ary layer) chart predictions to losses calculated by the more rigorous JANNAF 
procedure used for the BLIMP program. Twenty-five operating points were 
simulated with the BLIMP program. Thrust, chamber pressure, combustion cham- 
ber length to throat diameter ratio, wall temperature to gas-side stagnation 
temperature ratio, and flow transition (laminar to turbulent) criteria were 
varied during these simulations. Table B-II lists the cases simulated and the 
resulting thrust loss; all cases were for an area ratio of 100:1. 

The first seven BLIMP runs were used to determine the 
influence of using laminar or turbulent boundary layers when solving for 
thrust loss. These runs indicated that the thrust loss with turbulent flow 
was approximately twice the loss experienced with laminar flow for the same 
operating point.* Since the type of flow significantly influences the calcu- 
lated thrust loss, these runs were also used to determine a transition cri- 
terion based on momentum thickness Reynolds number (Re^) that is consistent 
with the criterion used in the thermal analysis. 


*Subsequent analyses showed that the relationship of laminar to turbulent 
boundary layer thrust loss varies as a function of Reynolds number. 
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ENERGY RELEASE EFFICIENCY CALIBRATION TO NASA-LeRC LOX/RP-1 OFO TRIPLET ENGINE 
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Ill, A, Task I » Analysis (cont.) 


The BLIMP User's Manual suggests a transition R6e of 
360 as a nominal guess. The manual notes that this value Is for a zero pres- 
sure gradient flat surface (not contoured) and that for accelerating flows, 
as In a rocket nozzle, the transition value will increase. A transition Ree 
of 443 was found to result in a transition criterion consistent with that of 
the_thermal analysis. 


Having established a transition criterion, reference 
cases to be simulated were chosen to be at the corners of the study para- 
metric box. These cases (No. 8-19 In Table B-II) assumed wall -temperature to 
gas-stagnation temperature ratios of 0.2, 0.5, and adiabatic wall (1.0) and 
were run at the operating points listed below: 

Pc, kPa (psia) 138 (20) 138 (20) 6894 (1000) 6894 (1000) 

Thrust, N (IbF) 445(100) 4448(1000) 445(100) 4448(1000) 

Six additional cases were run to provide a better definition of data trends. 
The three operating points listed below were run for a wall temperature ratio 
of 0.2 and an adiabatic wall (Cases 19-25;): 

Pc, kPa (psia) 1034 (150) 10341 (1500) 13788 (2000) 

Thrust, N (IbF) 2.224 (0.5) 8896 (2000) 88960 (20,000) 

Figure B-4 shows the percentage of thrust loss as a 
function of chamber pressure, thrust, and wall temperature. In general, as 
thrust, chamber pressure, and/or wall temperature ratio Increase, the per- 
centage of thrust loss decreases with either laminar or turbulent flow.- 

Flgure B-5 shows the correlation between the BLIMP and 
TBL chart predictions as a function of throat Reynolds number calculated by 
TBL chart. This shows that the majority of operating points at low- thrust 
are In the laminar and transition region. For the low-thrust sensitivity 
study, the correlation shown in Figure B-5 was used to anchor the TBL chart 
estimate to the BLIMP prediction. 

The data shown on Figure B-5 Indicate that wall-to- 
free-streara temperature ratio differences have a negligible Influence on the 
correlation below a throat Reynolds number of about 4 x 10®. At throat 
Reynolds numbers above this value to about Re = 1.1 x 10", the boundary 
layer Is In the transition region, and large differences In the correlation 
are evident dependent on the assumed wall-to-free-stream temperature ratio. 
However, In this region, the total boundary layer loss Is small (1 to 2%) and 
the resulting performance uncertainty Introduced by using the recommended 
correlation Is less than 0.5%. 


203 


Thrust, SI (English), T^T 








Figure B-5. BLIMP vs TBL Chart Thrust Loss Correction Factors 




Ill, A. Task I - Analysis (cont.) 


A question still remains about the validity of applying 
the correlation shown In Figure B-5 to hfgh-Pc, high-thrust engines. Using 
the transition criteria of Ree = 443, the BLIMP so'iutlon shows the flow to be 
laminar at the start and becoming turbulent as It nears or enters the throat. 
This mix-flow situation results In a predicted performance loss less than 
that shown on the TBL chart which considers the flow to be fully turbulent. 
However, if Injector Influences are considered to promote free-stream turbu- 
lence, the boundary layer Is probably turbulent from very near the starting 
point. In this case, a lower transition Reynolds number may be appropriate 
to ensure a fully turbulent boundary layer. Table B-III shows that for the 
fully turbulent cases, the BLIMP (using the recommended Cebeci -Smith corre- 
lation) and TBL chart predictions agree very well. Therefore, In the turbu- 
lent flow region (from Re = 1.1 x 10® to Re = 2 x 10®), the correlation 
Indicated by the dashed line on Figure B-5 Is recommended In order to avoid a 
discontinuity between the transition and fully turbulent regions. For 
Reynolds numbers greater than 2 x 10®, a BLIMP-to-TBL-chart ZiF ratio of 1.0 
1$ recommended. 


Based on the BLIMP/ TBL chart comparisons shown In Table 
B-IIl, the Impact of differences In Isentropic exponent (gamma) on the bound- 
ary layer loss appears to be well modeled. Also, comparing the data for the 
turbulent cases, the Influence of viscosity on the boundary layer loss Is 
adequately modeled for a variety of propellants and mixture ratios. The cor- 
relation for the laminar and transition cases, shown In Figure B-5, was 
obtained by using a constant BLIMP/TBL chart reference viscosity. The Influ- 
ence of viscosity changes on the boundary layer loss Is a Reynolds number 
effect which should be accounted for In the correlation of Figure B-5. How- 
ever, cases which would allow a dirict assessment of the combined Influence 
of gatima and viscosity on the boundary layer correction In the laminar flow 
region have not been run. The thru.^t loss correction factor in the laminar 
region follows the theoretical trend, which Is based on the local skin fric- 
tion being a function of Reynolds number to the 1/5 and 1/2 power for the 
turbulent and laminar conditions, respectively. The trends of thrust loss 
with throat Reynolds number and wall temperature ratio are shown in Figure 
B-6. The value of viscosity used to compute the Reynolds number and the value 
of gamma are functions of engine operating conditions and are computed within 
the boundary layer routine. 

2. Task I Results 


a. Influence of Contraction Ratio on Isp 

The Influence of chamber contraction ratio on attain- 
able specific Impulse is shown In Figure B-7. This figure shows the 
predicted Isp as a function of contraction ratio for both 445 and 4448N 
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Figure B-7. Influence of Contraction Ratio on Specific Impulse 


Ill* A, Task I - Analysis (cont.) 


1000 IbF) thrusc engines assuming 0.93/cm2 {6/in. 2) OFO element 
density over the injector surface. For the 445M (100 IbF) thrust case the 
significantly with contraction ratio due to the JedSction^in 
the injector area available for elements. For the larger 4448N (1000 IbFl 

sufficiently large [2!®" 4.01 cm U 58 
contraction ratios that the. Isp reSuction caused hv a 
reduction in the number of elements is only about 1 %. The influence of 

Fia!IryR^ft'"f®'" 0" number of injection elements is shown in 

o^greate? ® '' and'contracfionaJiJl lo 


Inf 1 uence of Chamber Length and Fuel Temperature 
Energy Release Efficiency 


on enerav y.eipacA Influences of chamber length and fuel temperature 

ctenc/nihe ’ 

c. Predicted Performance Trends with Area Ratio 

-u .c Predicted performance trends as a function of area 

thruct/Mnh^°l!” ® low- thrust/low-chamber-pressure engine and a hi ah- 

ratio. This reduction in energy release loss 
Jat“ “ iSjreatSJ 2?' "’S""’ ""rturfrat’os as “« 

sssociatad witl. the d?f"?enc“bn«eh Im- 
he^clan ratio and propellant mixture ratio at the injector. As can 

figures, the Isp continuously increases with area ratio 
and there is no pronounced "knee“ or change in slope although the 

increasing aria rJtio?^ At an ^a ?at?i S? 

(Sia^and^LrJJj"®^ hIgh-thrust/Pc cases are 

feJen^fifLI^to law^ perfomance dif- 

thJust/Pc case ^ ® kinetic and boundary layer losses for the low- 


8. TASK II - ANALYSES 

. During the Task II sensitivity studies 

ducted for three NASA-approved engine sizes: 


evaluations were con- 
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Figure B-8. Influence of Thrust/Chamber Pressure Ratio on 
Number of Injection Elements 
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Figure B-10. Predicted Performance Losses for Low-Thrust, Low-Pc Engine 
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Predicted Performance Losses for High-Thrust, High-Pc Engine 



Ill, B, Task II - Analyses (cont.) 


I 

Thrust, NMbr) 667(150) 

Chamber Pressure, kPa(psla) 276(40) 


2 

2669(600) 

2068(300) 


3 

3114(700) 

5515(800) 


Attainable specific impulse was evaluated for these engines as a 
function of area ratio (10 to 1000) for two mixture ratios (2.0 and 4.0) and 
three cooling concepts; 


1. Dual regen (oxidizer + fuel) 

2. Fuel regen plus barrier 

3. Radiation 


Also, the attainable Isp for the above three cooling concepts was 
evaluated as a function of mixture ratio at a selected area ratio of 400:1. 


A summary of the pertinent operating and design parameters for 
these engines is presented on Table B-IV. For all cases, the engines could 
be regeneratively cooled with either oxidizer or fuel + oxidizer. The energy 
release efficiencies with the dual regenerative cooling (oxidizer + fuel) 
were calculated to range from 97.4 to 100%. With oxidizer-only regenerative 
cooling, the efficiencies would be from 1 to 5% lower because of lower fuel 
vaporization resulting from lower fuel -injection temperatures. 


Trends of attainable specific impulse as a function of area ratio 
for engines using dual -regenerative, fuel -regenerative + barrier, and radia- 
tion cooling are shown on Figures B-12, -13, and -14, respectively. 


The performance with all engine concepts is predicted to increase 
with increasing area ratio. As mentioned previously, an area ratio of 400:1 
is recommended for the Tesk III studies. The high- and mid-thrust/Pc engines 
[3114/5515 and 2669/20b8N/kPa (700/800 and 600/300 IbF/psia)] are signifi- 
cantly higher performing than the low-thrust/Pc engine [667/276N/kPa (150/40 
are roughly of equal performance. Also, at a mixture ratio of 
2.0, the three cooling concepts offer roughly equivalent performances at the 
high and mid-range of thrust and chamber pressure, with the dual-regen case 
offering the highest performance (342-350 sec) followed by the fuel- 
regenerative + barrier cooling case (340-342 sec) and the radiation-cooled 
case (238 sec). For both the fuel -regenerative + barrier cooling and the 
raidati on-cooled cases, the high- and mid-thrust/Pc engines show significant 
performance reductions (10-30 sec) at 0/F = 4.0 compared to 0/F ■ 2.0. 
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F, N (IbF) Pc, kPa (psia) L', cm (in.) F/element, N (IbF 

667 ( 150 ) 279 ( 40 ) 14.73 ( 5 . 8 ) 3.34 ( 0.7 

2669 ( 600 ) 2068 ( 300 ) 12.70 ( 5 . 0 ) 28.0 ( 6.3 



Figure B-12. Predicted Specific Impulse - Dual -Regen Cooling 













Figure B-14. Predicted Specific Impulse - Radiati 















Ill, B, Task II “ Analyses (cent.) 

This perfomance reduction for the fuel Itlrl^rall’ci/F ““o 

iiir^B n! Shicrifs?;i??«: 

HS £s s 

SS.MK «i"sS>Sr '• 

5e“”i™!:lce™eiutl3 J^r'Kan-JIlruU/pTcIses 1 s due irl^arlly to the 
Increase In kinetic loss. 

Trends of attainable specific Impulse as a 
ratio for engines using dual -regenerative fuel -regener^^^^ 

radiation shown in performance for all 

an area ratio of 400.1. mese oaca snow tna«. v k ^ performance 

lliiiilllilPs 

cases. With heated fuel, the performance °dual-re^^ 

radiation-cooled engine is approximately equal 

cooled engine. The same performance improvement 

engine could also be achieved by increasing the chamber length. 
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Figure B-15. Influence of Mixture Ratio on Predicted Specific Impulse 
Dual'Regen Case 
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